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EXECUTIVE SUMMARY 

This  r e p o r t  i s  a comprehensive review of what i s  known about  
s h e l t e r s  from t h e  a v a i l a b l e  l i t e r a t u r e  i n  t h e  United S t a t e s .  An 
a t tempt  has  been made t o  concen t r a t e  on the.  in format ion  which  
should be known by a U.S. planner .  S h e l t e r  a g a i n s t  a number of 
n a t u r a l  and t e c h n o l o g i c a l  hazards  i s  cons ide red ,  b u t  t h e  most  
impor tan t  t h r e a t ,  and t h e  one about which t h e  most in format ion  
e x i s t s ,  is s h e l t e r  a g a i n s t  n u c l e a r  weapons e f f e c t s .  

The most impor tan t  fac t  t o  recognize  i s  t h a t  t h e r e  i s  a very 
w e l l  developed technology f o r  t h e  p r o t e c t i o n  of c i v i l i a n s  a g a i n s t  
t h e  e f f e c t s  of n u c l e a r  weapons. It i s  p o t e n t i a l l y  very e f f e c t i v e  
and has  been e x t e n s i v e l y  t e s t e d  a g a i n s t  real  nuc lea r  weapons i n  
t h e  1950s and, subsequent ly ,  b l a s t  t e s t e d  w i t h  l a r g e  high-explo- 
s i v e  charges and shock s i m u l a t i o n  techniques .  Design techniques  
a r e  covered i n  a v a r i e t y  of manuals, and a l l  such techniques  w i l l  
produce s h e l t e r s  t h a t  w i l l  be very h i g h l y  e f f e c t i v e .  I n  t h e  
p a s t ,  t h e  r e l i a b i l i t y  of des ign  w a s  o f t e n  a t t a i n e d  a t  t h e  c o s t  of 
g r e a t  conserva t i sm and excess ive  expense. The p r e s e n t  s t a t e  of 
t h e  a r t  i n  s t r u c t u r a l  des ign  of b l a s t  s h e l t e r s  i s  comprehensively 
desc r ibed  i n  t h e  1985 update  of t h e  American Soc ie ty  of C i v i l  
Engineers  ' Manual No. 4 2 ,  Design of S t r u c t u r e s  t o  Resist Nuclear 
Weapon E f f e c t s .  

The t h r e a t  t o  t h e  American p u b l i c  from n u c l e a r  weapons i s  now 
be l i eved  t o  be of such magnitude t h a t  a f u l l  s h e l t e r  program would 
have t o  i n c l u d e  160 m i l l i o n  b l a s t - s h e l t e r  spaces and approximately 
80 m i l l i o n  f a l l o u t - s h e l t e r  spaces. Blast p r o t e c t i o n  i s  be l i eved  
t o  be r e q u i r e d  i n  t h e  areas sur rounding  m i l i t a r y  t a r g e t s  and 
u r b a n - i n d u s t r i a l  areas. F a l l o u t  p r o t e c t i o n  i s  b e l i e v e d  t o  be 
r e q u i r e d  over  t h e  e n t i r e  country.  

E x i s t i n g  s t r u c t u r e s ,  p a r t i c u l a r l y  l a r g e  masonry o r  c o n c r e t e  
b u i l d i n g s ,  can provide  s i g n i f i c a n t ,  though vary ing ,  amounts of 
f a l l o u t  p r o t e c t i o n .  An e f f o r t  by t h e  U.S. Government t o  i d e n t i f y  
such s t r u c t u r e s  i n  t h e  1960s and 1970s, has  i d e n t i f i e d  an inven- 
t o r y  of 245 m i l l i o n  spaces  which can provide  p r o t e c t i o n  f a c t o r s  of 
40 o r  more a g a i n s t  f a l l o u t  r a d i a t i o n .  Unfor tuna te ly ,  most of t h e s e  
spaces  are i n  what a r e  p r e s e n t l y  b e l i e v e d  t o  be r i s k  a r e a s ,  
and many of them are i n  t h e  upper s t o r i e s  of m u l t i s t o r y  b u i l d i n g s ,  
which are vu lne rab le  t o  b l a s t  e f f e c t s .  The basements of c o n c r e t e  
b u i l d i n g s  provide  some p r o t e c t i o n  a g a i n s t  b l a s t  e f f e c t s  but  only 
a t  low ove rp res su res .  There i s  not  n e a r l y  enough of t h i s  "bes t  
a v a i l a b l e "  space t o  p r o t e c t  more than a very small f r a c t i o n  of t h e  
r i s k  a r e a  popula t ion .  With today ' s  r e s o u r c e s ,  t h e  only hope of 
s u r v i v a l  of t h e  r i s k  area popu la t ion  i n  an  a l l - o u t  a t t a c k  would be 
a l a rge - sca l e  evacua t ion  of t h e  t a r g e t  areas d u r i n g  t h e  d a y s  
preceding  t h e  a t t a c k .  
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I f  s e v e r a l  hours  ' o r  days warning of an  a t t a c k  are a v a i l -  
a b l e ,  h igh ly  e f f e c t i v e  f a l l o u t  s h e l t e r  can be improvised. This  
p r o t e c t i o n  can inc lude  improvisa t ion  of s h e l t e r  i n  a basement by 
s t a c k i n g  books, f u r n i t u r e ,  bags and boxes of e a r t h ,  and o t h e r  mass 
on and around a t a b l e  i n  a p r o t e c t e d  corner .  

I n  t h e  1970s, a technology f o r  producing e f f e c t i v e  s h e l t e r  
from t o o l s ,  materials, and l a b o r  a t  hand was developed. This  
technique  c a l l e d  "expedient  s h e l t e r "  involved  t h e  c o n s t r u c t i o n  of 
covered foxho les  o r  covered t renches .  A l l  t h e s e  s h e l t e r s  provide  
f a l l o u t  p r o t e c t i o n  f a c t o r s  i n  excess  of 100. I n  t h e  D e f e n s e  
Nuclear  Agency's 600-ton, high-explosive f i e l d  tests, t h e  des igns  
u s i n g  unshored t r enches  su rv ived  b l a s t  ove rp res su res  i n  t h e  r eg ion  
o f  5 t o  7 p s i .  L igh t ly - shored  v e r s i o n s  su rv ived  15 o r  more 
p s i  and one des ign  has  r e p e a t e d l y  su rv ived  ove rp res su res  i n  excess  
of 50 p s i .  I f  t h e  informat ion  on c o n s t r u c t i o n  of t h e s e  s h e l t e r s  
can be d isseminated  t o  t h e  p u b l i c ,  and 24 t o  48 hours  are a v a i l -  
a b l e  f o r  c o n s t r u c t i o n ,  very good p r o t e c t i o n  can be developed f o r  
very l a r g e  numbers of people.  For t h e  f o r e s e e a b l e  f u t u r e ,  t h i s  
exped ien t ,  s e l f - h e l p  a l t e r n a t i v e  i s  a l l  they are l i k e l y  t o  have. 

F a r  more people  would s u r v i v e  a rap id ly-developing  n u c l e a r  
w a r  i f  s h e l t e r  were a l r e a d y  i n  p l a c e  be fo re  t h e  onse t  of a nuc lea r  
crisis.  One of t h e  major d e t e r r e n t s  t o  a program t h a t  would 
provide  s h e l t e r  f o r  a l l  Americans i s  i t s  c o s t  which w i l l  be t h e  
product  of t h e  c o s t  p e r  space times t h e  number of spaces needed. 
I n  t h e  case of b l a s t  s h e l t e r s ,  t h e  number of spaces  needed is  
approximately 160 mi l l i on .  F a l l o u t  s h e l t e r  spaces  needed  a r e  
approximately 80 mi l l i on .  Single-purpose,  small b l a s t  s h e l t e r s  
can c o s t  from $500 t o  $2500 o r  more p e r  space ,  w i th  $1000 be ing  
r e p r e s e n t a t i v e .  Blast s h e l t e r s  b u i l t  i n t o  t h e  basements of new 
c o n s t r u c t i o n  can be cons t ruc t ed  f o r  $250 t o  $500 per  space ,  w i t h  
$300 be ing  a good r e p r e s e n t a t i v e  f i g u r e .  F a l l o u t  s h e l t e r  b u i l t  
i n t o  new masonry c o n s t r u c t i o n  may c o s t  only about  $50 per space.  
S l i g h t l y  a l t e r i n g  new c o n s t r u c t i o n  t o  make maximum use  of f e a t u r e s  
which would have been cons t ruc t ed  i n  any case, s u c h  as  b a s e -  
ments,  is  c a l l e d  " s l an t ing . "  This  technique  i s  by f a r  t h e  most 
c o s t - e f f e c t i v e  approach t o  developing s h e l t e r .  

Cons t ruc t ion  wi th  t h e  p o t e n t i a l  f o r  b l a s t  s l a n t i n g  inc ludes  
basements of masonry b u i l d i n g s  wi th  conc re t e  f i r s t  f l o o r s ,  s choo l s  
and r e s idences  designed p a r t i a l l y  o r  wholly underground f o r  energy 
conse rva t ion ,  a e s t h e t i c s ,  o r  to rnado p r o t e c t i o n ,  and underground 
m i n i n g  o p e r a t i o n s  f o r  t h e  product ion  of conc re t e  aggrega te  o r  
a g r i c u l t u r a l  l imestone.  

A s h e l t e r  program based on b l a s t  and f a l l o u t  s l a n t i n g  i n  new 
c o n s t r u c t i o n  would e n t a i l  an annual  expend i tu re  of approximately 
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1% ( con t inued  over  t e n  or  more y e a r s )  of t h e  annual  Department of 
Defense budget. Funding a t  t h i s  l e v e l  might be cons idered  i f  t h i s  
count ry  were t o  adopt  a de fens ive  s t r a t e g i c  pos tu re .  However, f o r  
t h e  p r e s e n t ,  wh i l e  w e  know how t o  b u i l d  s h e l t e r s ,  w e  have no t  
s o l v e d  t h e  p o l i t i c a l  problem of a l l o c a t i n g  t h e  r e sources  t o  g e t  
them b u i l t .  
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CONVERSION FACTORS FOR S I  UNITS 

Eng l i sh  u n i t s  have been r e t a i n e d  i n  t h e  body of t h i s  r e p o r t .  
The r e p o r t  r e f e r s  t o  commercially a v a i l a b l e  materials and s i z e s  
commonly expressed  i n  Engl i sh  u n i t s .  The r e p o r t  reviews e a r l i e r  
work expressed  e n t i r e l y  i n  Eng l i sh  u n i t s .  Conversion f a c t o r s  f o r  
S I  u n i t s  a r e  g iven  below: 

To conver t  from: To : - 
atmosphere (14.7 p s i )  k i  l opas  cal  (kPa) 
c u b i c  f e e t  ( f t 3  o r  cu f t )  c u b i c  meter (m3) 
f o o t  ( f t )  meter ( m )  
f o o t c a n d l e  lumen/me t e r 2 (  lm/m2> 
g a l l o n  ( g a l )  c u b i c  meter (m3) 
g r a v i t y  (32.174 f t / s e c 2 )  meter / sec2(m/s2)  
inch  ( i n . )  meter (m) 
m i l e  (mi) meter (m) 
pound-f o r c e / i n 2  ( p s i )  k i l o p a s c a l  (kPa) 
q u a r t  ( q  t. c u b i c  meter  (m3) 
squa re  f o o t  ( f t 2 ,  sq f t >  squa re  meter (m 2 
s q u a r e  m i l e  (mi2) squa re  meter (m2) 
t o n  (nuc lea r  e q u i v a l e n t  j o u l e  (J) 

of TNT) 
t on  (2000 pounds) ki lograms ( K g )  

Mul t ip ly  By: 

101.325 
0.0283 
0.3048 

0.003785 
9.80665 
0.0254 

6.8948 
9.464X10’4 
0.0929 
2.59XlO6 
4.2OX1O9 

10.764 

1609.3 

907.185 
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The l i t e r a t u r e  on t h e  d e s i g n ,  c o n s t r u c e i o n ,  tesc i r ig ,  arid 
c o s t  of b l a s t  and f a l l o u t  s h e l t e r s  was reviewed, and a b i b l i o g r a -  
phy of ove r  1000 documents was assembled. I t  w a s  touiid thar  
n u c l e a r  weapon e f f e c t s  and s h e l t e r  des ign  are  w e l l  uuuersrood. 
The d e f i n i t i v e  s tace of t he  a r c  i n  s c r u c c u r a l  des ign  of b l a s c  
s h e l t e r s  i s  conqieheris ively d e s c r i b e d  i n  t h e  1985 updace of rhe  
Amer ican  S o c i e t y  of C i v i l  Engineers  Manual No. 4 2 ,  Design of 
S t r u c t u r e s  t o  Ues i sc  Nuclear  Weavons E f f e c t s .  

An imporrrant b a r r i e r  t o  c o ~ i s ~ ~ u c ~ i o n  o€  pernidrieric s h e l t e r s  i s  
cosc .  Single-puipose s h e l t e r s  cosc i n  ttle tligtl huriaieds co Low. 
thousarids of d o l l a r s  p e r  occupant (or  p e r  s p a c e ) ,  deperidirig oil 
s i z e ,  ha rdness ,  l o c a t i o n ,  and whether t h e  s h e l t e r  i s  p a r t  of new 
c o n s t r u c t i o n  o r  r e t r o f i t .  M u l t i p l i e d  by a r i s k  area popu la t ion  of 
approximately 160 m i l l i o n ,  t h e  c o s t  of a b l a s t  s h e l t e r  conscruc- 
t i o n  program would r i v a l  t h a t  of a major s c r a c e g i c  weapon s y s c e m .  

Opcioris i n  t h e  mid-range of expense,  a fed ceus  K O  a f e w  
hundreds of d o l l a r s  p e r  space  i n c l u d e  ( 1 )  r e q u i r i n g  n i o d i t i e d  
linieseone mining p r a c t i c e s ,  where a p p r o p r i a c e ,  t o  gerierare u s a b l e  
s h e l t e r  space  near  c i t i e s ;  ( 2 )  encouraging t h e  cooscruccion o t  
e a r t h - s h e l t e r e d  housing and o t h e r  b u i l d i n g s ;  and ( 3 )  requi r i r ig  
and /o r  s u b s i d i z i n g  t h e  c o n s t r u c t i o n  of dual-use basenlent shelKer 
i n  ne* c o n s t r u c t i o n .  A program u s i n g  t h i s  approach would r e q u i r e  
a n  annua l  e x p e n d i t u r e  of approximately 1% of t h e  anriual de fense  
budget f o r  10 o r  more y e a r s .  

The ve Iy  low-cost (and less e t f ec r r ive )  o p t i o n s  open L O  t h e  
U.S. government, w i t h  i t s  p r e s e n t  c i v i l  de fense  budget ,  renialn ds 
f o l l o w s :  ( 1 )  m a i n t a i n  t h e  i n v e n t o r y  of t a l l o u t  s h e l t e r s  arid 
i d e n t i f y  space  wi th  some b l a s t  p r o t e c t i o n  p o t e n t i a l ,  ( 2 )  p l a n  f o r  
“cr is is  upgrading” t o  improve e x i s t i n g  space i n  a c r i s i s ,  arid ( 3 )  
p lan  f o r  c o n s t r u c t i o n  of exped ien t  s h e l t e r s  i n  a c r i s i s .  l h e  
cr is is- implemented o p t i o n s  r e q u i r e  s e v e r a l  days ‘  warning i n  o r u e r  
t o  be e f f e c t i v e .  

While much of t h e  technology f o r  p ro recc ing  people  a g a i n s t  
n u c l e a r  weapons e f f e c t s  o r i g i n a t e d  i n  t h i s  councry,  w e  h a v e  not 
s o l v e d  t h e  p o l i t i c a l  p r o b l e m  of  a l l o c a t i n g  t h e  resources t o  
p r o t e c t  ou r  own popu la t ion .  
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C I V I L  DEPBNSE SHELTERS - 1986 
STAlZ-OF-THE-ART ASSESS"T 

C. V. Ches ter  
G. P. Zimmerman 

1. INTRODUCTIOIV 

1.1 UEAT ARE WE TRYING TO W? 

This  l i t e r a t u r e  review is  one of s e v e r a l  being sponsored by 
t h e  Fede ra l  Emergency Management Agency (FEMA). The purpose of 
t h e s e  reviews i s  s e v e r a l  f o l d :  

1. To summarize i n  a u s e f u l  form t h e  most important  r e s u l t s  of 
r e s e a r c h  sponsored by FEMA and i t s  p redecesso r  agenc ie s  over  
t h e  p a s t  f o u r  decades .  I n  p a r t i c u l a r ,  i t  would provide 
unders tanding  of t h e  most important  r e s u l t s  f o r  r e c e n t l y  
appoin ted  c i v i l  defense  d e c i s i o n  makers. 

2. Where a p p r o p r i a t e ,  t o  i d e n t i f y  and h i g h l i g h t  r e s u l t s  which 
could be,  but are not  be ing ,  u t i l i z e d  i n  t h e  p r e s e n t  FEMA 
programs and p o l i c i e s .  R e s u l t s  which suppor t  ( o r  oppose) 
t h e  c r e d i b i l i t y  of FEMA programs are examples. 

3 .  To i d e n t i f y  impor tan t  ques t ions  which are not  addressed by 
t h e  p r e s e n t  body of r e sea rch  and f o r  which answers are 
needed. 

I n  t h e  p r e s e n t  (mid-1980s) p o l i t i c a l  and economic climate, 
investment  i n  a major s h e l t e r  bu i ld ing  program is  very u n l i k e l y .  
Wi th  t h e  U.S. Congress and t h e  Adminis t ra t ion  s t r u g g l i n g  wi th  
d e f i c i t s  of $200 b i l l i o n  and a t t empt s  t o  s u s t a i n  or i n c r e a s e  t h e  
de fense  budget ,  under tak ing  a program which could l e a d  t o  expenses  
i n  excess  of $100 b i l l i o n  t o  d e a l  w i th  an  even t  cons idered  t o  be 
of v e r y  low p r o b a b i l i t y  is u n l i k e l y ,  s o  why bother  w i t h  t h i s  
s t u d y ?  

0 Nuclear  weapons are no t  l i k e l y  t o  go away. 

0 A g r e a t  d e a l  of money w a s  i n v e s t e d  by t h e  Fede ra l  
government i n  developing t h e  technology f o r  p r o t e c t i n g  
p e o p l e  a g a i n s t  weapons e f f e c t s .  We should t r y  t o  
p re se rve  t h a t  technology. 
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2. NATURAL AND TECBROLOGICAL THREATS 

A d i s c u s s i o n  of s h e l t e r  must addres s  t h e  q u e s t i o n :  " s h e l t e r  
a g a i n s t  what?" Th i s  s tudy  i s  concerned w i t h  s h e l t e r  from l i f e -  
o r  h e a l t h -  t h r e a t e n i n g  c o n d i t i o n s  i n  t h e  environmevt.  Although 
t h e  bulk of t h e  examined l i t e r a t u r e  is concerned w i t h  p r o t e c t i o n  
a g a i n s t  t h e  e f f e c t s  of n u c l e a r  weapons, t h e r e  a r e  a v a r i e t y  of 
p e a c e t i m e  h a z a r d s  which  c a n  r e s u l t  i n  l a r g e - s c a l e  d i s a s t e r s  
(Fede ra l  Emergency Management Agency, 1984).  C o l l i n s  (1972) and 
Q u a r a n t e l l i  (1982) have addressed  t h e  problems which accompany 
s h e l t e r i n g  t h e  popu la t ion  a f t e r  such  d i s a s t e r s .  

2.1 TORNADOES, WBBICAWES, AND HIGE WINDS 

Atmospheric,  weather - re la ted  d i s t u r b a n c e s  produce some of t h e  
most  s p e c t a c u l a r  p e a c e t i m e  d i s a s t e r s .  They a r e  capable  of 
producing d rama t i c ,  l o c a l  p r o p e r t y  damage anywhere i n  t h e  e n t i r e  
United S t a t e s .  An average of 150 f a t a l i t i e s  p e r  year are produced 
by tornadoes  which can have winds approaching 300 mph (Ab.bey, 
1976) .  These s h o r t - l i v e d  s torms are t h e  most v i o l e n t  and de- 
s t r u c t i v e  of a l l  a t m o s p h e r i c  phenomena. S t o r m  c e l l a r s  and  
covered dugouts  have been t r a d i t i o n a l  f i x t u r e s  on farms i n  t h e  
U.S. c e n t r a l  p l a i n s ,  p r i n c i p a l l y  f o r  p r o t e c t i o n  a g a i n s t  tornadoes.  
F a t a l i t i e s  of 150 people  per  y e a r  are t r i v i a l  compared t o  t h e  
f a t a l i t i e s  from automobile  a c c i d e n t s ;  however,  t h e  e f f e c t s  of  
t o r n a d o e s  a re  so  d r a m a t i c  t h a t  people  have made cons ide rab le  
inves tments  i n  p r o t e c t i o n  a g a i n s t  them. Ea r th - she l t e red  homes and 
schoo l s  (Defense C i v i l  Preparedness  Agency, 1973) i n  t h e  c e n t r a l  
r eg ion  of t h e  United S t a t e s ,  from Texas t o  Minnesota,  are q u i t e  
common. Oklahoma, which is  t h e  s t a t e  t h a t  has  t h e  h i g h e s t  tornado 
f requency ,  i s  a l s o  t h e  s t a t e  wi th  t h e  l a r g e s t  number of e a r t h -  
s h e l t e r e d  schoo l s  (Oklahoma S t a t e  Department of Educat ion,  1978).  

It is  v i r t u a l l y  imposs ib l e  t o  b u i l d  a frame re s idence  t h a t  
w i l l  s u r v i v e  a s e v e r e  t o r n a d o .  S t r o n g ,  r e i n f o r c e d  c o n c r e t e  
b u i l d i n g s  provide  inc reased  r e s i s t a n c e  (Defense C i v i l  Preparedness  
Agency, 1976; Federa l  Emergency Management Agency, 1980b, 1982) .  
E a r t h - s h e l t e r e d  h o u s i n g  ( s e e  S e c t i o n  7 . 5 . 3 1 ,  and any  o t h e r  
belowgrade s t r u c t u r e ,  is  v i r t u a l l y  immune t o  t h e  high winds and 
t h e  very low i n t e r n a l  p r e s s u r e s  which are r e s p o n s i b l e  f o r  t h e  
d e s t r u c t i o n  of conven t iona l  s t r u c t u r e s .  F a l l o u t  s h e l t e r s  w i th  300 
l b / f t 2  of c o n c r e t e  or e a r t h  c o v e r i n g  t h e  roof a r e  l i k e w i s e  
u n l i k e l y  t o  be damaged by tornadoes .  

H u r r i c a n e  damage i s  l i m i t e d  t o  t h e  U.S. c o a s t a l  reg ions .  
Adequate p r o t e c t i o n  from h u r r i c a n e  winds can be provided (Spangler  
and Jones ,  1984) ,  but  t h e  p o s s i b i l i t y  of f lood ing  p rec ludes  t h e  
use  of belowground s h e l t e r s .  
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2.2 NUCLEAR ACCIDENTS 

A s  e v e n t s  a t  Chernobyl i n  A p r i l  1986 demonstrated,  it is  
p o s s i b l e  f o r  a nuc lea r  r e a c t o r  t o  undergo a c c i d e n t s  which release 
l a r g e  amounts of r a d i o a c t i v i t y  t o  t h e  environment. While t h e  
r a d i o a c t i v i t y  r e l e a s e d  a t  Chernobyl w a s  a minute f r a c t i o n  of t h a t  
expec ted  from a ground-burst  megaton weapon, i t  d i d  r e s u l t  i n  t h e  
e v a c u a t i o n  of n e a r b y  c i v i l i a n  p o p u l a t i o n s  as  a p r e c a u t i o n .  
Because  of o r g a n i z a t i o n a l  and  m a n a g e r i a l  d e f i c i e n c i e s ,  the 
sur rounding  popu la t ion  was no t  made aware of t h e  s e r i o u s n e s s  of 
t h e  a c c i d e n t  from some time. Had they  been n o t i f i e d ,  they  could 
have taken  s h e l t e r  i n  basemen t s ,  f a l l o u t  s h e l t e r  a r e a s ,  and  
i n t e r i o r  p o r t i o n s  of t h e i r  mul t i fami ly  dwel l ings  and s i g n i f i c a n t l y  
reduced t h e  gamma r a d i a t i o n  dose t o  which they were exposed. Even 
t h e  most s e v e r e  h y p o t h e t i c a l  r e a c t o r  a c c i d e n t  s c e n a r i o s  p o s t u l a t e  
environmental  contaminat ion which i s  a very small f r a c t i o n  of t h a t  
which could be produced by widespread nuc lea r  weapon f a l l o u t  from 
a w a r  (Nuclear  Regulatory Commission, 1976) .  Any f a l l o u t  s h e l t e r  
u s e f u l  a g a i n s t  weapons e f f e c t s  w i l l  p rovide  more than  adequate  
p r o t e c t i o n  a g a i n s t  e x t e r n a l  gamma r a d i a t i o n  doses  from any r e a c t o r  
acc iden t .  

2.3 TOXIC AEBOSOLS AND VAPOR 

Unless  equipped w i t h  a p p r o p r i a t e l y  designed f i l t e r s ,  f a l l o u t  
and b l a s t  s h e l t e r s  provide  very l i t t l e  p r o t e c t i o n  a g a i n s t  a i r b o r n e  
t o x i c  a e r o s o l s  and t o x i c  vapors.  These t o x i c  materials, whether 
they  a r e  t o x i c  chemical v a p o r s  f rom a B h o p a l - l i k e  i n c i d e n t ,  
r a d i o l o g i c a l  a e r o s o l s  comlng from a damaged n u c l e a r  r e a c t o r ,  o r  
chemical o r  b i o l o g i c a l  weapons d isseminated  by t e r r o r i s t s ,  a r e  
drawn i n t o  t h e  s h e l t e r  w i th  t h e  v e n t i l a t i o n  a i r  and brea thed  by 
t h e  occupants .  P a r t i c u l a t e  f i l t e r s  a r e  a v a i l a b l e  which  w i l l  
remove any t o x i c  a e r o s o l ;  cha rcoa l  f i l t e r s  are a v a i l a b l e  which 
w i l l  remove moderate amounts of most t o x i c  chemical  vapors.  The 
b e t t e r  Swiss  s h e l t e r s  are equipped wi th  such f i l t e r s .  P a r t i c u l a t e  
f i l t e r s  are r e l a t i v e l y  inexpens ive  and are p robab ly  a p r u d e n t  
i n v e s t m e n t  t o  anyone  b u i l d i n g  a f a l l o u t  o r  b l a s t  s h e l t e r .  
Charcoal f i l t e r s  are much more expens ive  and are probably  unjus-  
t i f i e d ,  u n l e s s  one i s  b u i l d i n g  a s h e l t e r  downwind of a known 
chemical hazard.  

P r o t e c t i o n  a g a i n s t  t o x i c  a e r o s o l s  and vapors  can be obta ined  
i n  a w e l l  cons t ruc t ed  modern house,  if i t  i s  p r e s s u r i z e d  by a 
blower drawing a i r  through a f i l t e r  e f f e c t i v e  a g a i n s t  t h e  expected 
t o x i c  agent .  The blower c a p a c i t y  must exceed t h e  i n f i l t r a t i o n  
rate of t h e  house when t h e  doors  and windows are c losed .  (Some 
p r o t e c t i o n  a g a i n s t  t o x i c  a e r o s o l s  can be o b t a i n e d  by u s i n g  a 
household vacuum cleaner as a b l o w e r / f i l t e r  f o r  t h i s  purpose.)  
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Belowground f a l l o u t  and b l a s t  s h e l t e r s  are more e a s i l y  p r o t e c t e d  
a g a i n s t  t o x i c  a e r o s o l s  because they  g e n e r a l l y  have much s lower  
(almost  z e r o )  i n f i l t r a t i o n  rates w i t h  t h e  doors  and v e n t i l a t i n g  
openings c losed  o f f .  

2.4 LARGE FIRES 

F i r e s  of e x t e r n a l  o r i g i n s  such as f o r e s t  f i res  or those  from 
a i r c r a f t  c r a shes  o c c a s i o n a l l y  t h r e a t e n  t h e  g e n e r a l  p u b l i c  i n  
r e s i d e n t i a l  areas. Human c a s u a l t i e s  are u s u a l l y  very low but  
p rope r ty  d e s t r u c t i o n  can be q u i t e  e x t e n s i v e .  D e s t r u c t i o n  o f  
r e s i d e n t i a l  areas due t o  w i l d f i r e s  is almost  an annual  occur rence  
i n  t h e  wes tern  p a r t  of t h e  United S t a t e s .  Ea r th - she l t e red  houses ,  
and  v i r t u a l l y  any underground s h e l t e r ,  p rovide  almost  complete 
p r o t e c t i o n  a g a i n s t  t h i s  hazard ,  provided t h a t  t h e  a i r  s u p p l y  t o  
t h e  s h e l t e r  area is not  contaminated by smoke o r  t o x i c  fumes 
(Broido and McMasters, 1960; Earp,  1953; I r v i n g ,  1964; M i l l e r  and 
Kerr, 1965; and Murakoa, 1961). 

Well-designed nuc lea r  s h e l t e r s  provide  f i r e  p r o t e c t i o n  a t  a 
l e v e l  which exceeds f i r e  codes.  This  i s  because f i r e  codes assume 
t h e  con t inu ing  a v a i l a b i l i t y  of p r o f e s s i o n a l  f i r e  f i g h t e r s  and a 
r e l i a b l e  water supply ,  wh i l e  t h e  l a c k  of such s e r v i c e s  must be 
assumed i n  s u r v i v a l  s h e l t e r  c o n s t r u c t i o n  (Murphy, Rempel, and 
Beck, 1975). 
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Fig. 3 . 1 .  Weapon o v e r p r e s s u r e  as a f u n c t i o n  of d i s t a n c e  
from a s u r f a c e  b u r s t .  
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Table 4.1.  I n i t i a l  r a d i a t i o n  dose ( R )  i n  a f u l l y  
bu r i ed  basement wi th  vary ing  conc re t e  th i ckness  

of t h e  f i r s t  f l o o r  

I n i t i a l  r a d i a t i o n  dose ( R )  i n s i d e  s h e l t e r  
w i t h  a f l o o r  t h i c k n e s s  of ( i n c h e s )  

Weapon y i e l d /  
Overpressure  12 14 16 18 24 

1 MT, 20 p s i  47 29 19 12 5 

1 MT, 30 p s i  166 104 70 46 1 7  

100 kT, 20 p s i  284 189 130 88 30 

200 kT, 30 p s i  974 6 58 457 3 10 104 

SOURCE: S t r o p e  e t  a l . ,  1985. 

4.2.2 Geometry Shielding 

The d i f f i c u l t y  of c a l c u l a t i n g  t h e  r a d i a t i o n  p r o t e c t i o n  
o f f e r e d  by a s h e l t e r  space invo lves  more than  j u s t  t h e  complexi ty  
of t h e  r a d i a t i o n  energy spectrum, t h e  type  of r a d i a t i o n ,  and i t s  
i n t e r a c t i o n  wi th  d i f f e r e n t  t ypes  of matter. It a l s o  invo lves  t h e  
n o n u n i f  o r m i t y  o f  t h e  s h i e l d i n g ,  b e c a u s e  t h e  a r r angemen t  of 
b a r r i e r  s h i e l d i n g  around t h e  s h e l t e r  volume i s ,  i n  g e n e r a l ,  no t  of 
uniform th i ckness .  

The t echn ique  of a n a l y s i s  i nvo lves  d i v i d i n g  t h e  s h i e l d  i n t o  
f a i r l y  uniform s e c t i o n s  and c a l c u l a t i n g  what  f r a c t i o n  of t h e  
r a d i a t i o n  g e t s  through each  element of t h e  s h i e l d .  The penet ra -  
t i o n  of each e l emen t  i s  by e n g i n e e r i n g  e s t i m a t i o n  f o r  mass 
t h i c k n e s s e s  o r  by computer o r  hand c a l c u l a t i o n s .  

Convenient g r a p h i c a l  techniques  e x i s t  f o r  doing t h e s e  c a l c u l a -  
t i o n s .  F i g u r e  4.3  i s  a g r a p h i c a l  method of e s t i m a t i n g  t h e  
s o l i d  a n g l e  subtended by a r e c t a n g u l a r  element.  The s o l i d  a n g l e  
i s  o f t e n  expressed  as t h e  f r a c t i o n  of a hemisphere sur rounding  t h e  
d e t e c t o r .  To de termine  t h e  t o t a l  exposure a t  some p o i n t  i n s i d e  
t h e  s h e l t e r ,  t h e  s o l i d  ang le  subtended by each element of t h e  
s h i e l d  i s  c a l c u l a t e d  and m u l t i p l i e d  by t h e  r a d i a t i o n  coming 
through each  element;  then ,  t h e  whole i s  added up t o  g e t  t h e  t o t a l  
amount of r a d i a t i o n  e n t e r i n g  t h e  p r o t e c t e d  space. 

The l i t e r a t u r e  on r a d i a t i o n  s h i e l d i n g  i s  v e r y  l a r g e .  The l i t e r a -  
t u r e  on s h i e l d i n g  of people  by s h e l t e r s  i s  only s l i g h t l y  less 
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l a r g e .  Much of i t  was gene ra t ed  i n  t h e  n u c l e a r  weapons tes ts  i n  
t h e  1950s, but  a g r e a t  d e a l  w a s  done w i t h  f a l l o u t  s i m u l a t i o n  and 
c a l c u l a t i o n  i n  t h e  1960s and 70s. The d a t a  t h a t  were developed 
i n  t h a t  t i m e  have been reduced t o  r e l a t i v e l y  s i m p l e  g r a p h i c a l  
c a l c u l a t i o n  t echn iques  a v a i l a b l e  i n  t h e  v a r i o u s  s h e l t e r  handbooks 
and i n  s h i e l d i n g  manuals. (Abbott ,  1973; Beer and Cohen, 1975; 
C a i n ,  1964; D e f e n s e  C i v i l  P r e p a r e d n e s s  Agency, Februaryl976,  
February  1978; Donovan and  C h i l t o n ,  1961; E i s e n h a u e r ,  1964; 
F e d e r a l  Emergency Management Agency, September 1980, 1981; LeDoux 
and Donovan, 1961; McDonnell a n d  V e l l e t r i ,  1966; M a r t i n  and  
Latham, 1963; Owen, 1962; Spencer ,  1962; Spencer ,  C h i l t o n ,  and 
E i senhaue r ,  1980; Spr ing  and McDonnell, 1967). 

F o r  v e r y  complex  g e o m e t r i e s  where much more accuracy  i s  
d e s i r e d ,  l a r g e  c o m p u t e r  c a l c u l a t i o n s  u s i n g  f a i r l y  e l a b o r a t e  
s h i e l d i n g  codes can  be employed. The Rad ia t ion  S h i e l d i n g  I n f o r -  
mat ion Center  a t  t h e  Oak Ridge Na t iona l  Labora tory  i s  t h e  n a t i o n a l  
r e p o s i t o r y  of a l l  s h i e l d i n g  codes developed i n  t h i s  count ry  and i n  
most of t h e  wes te rn  world.  

For  a d d i t i o n a l  i n fo rma t ion  on s t r u c t u r e  s h i e l d i n g  from both 
f a l l o u t  and i n i t i a l  n u c l e a r  r a d i a t i o n ,  t h e  fo l lowing  r e f e r e n c e s  
a re  sugges ted :  American I n s t i t u t e  of A r c h i t e c t s  (1970); Beer and 
Cohen (1973); Brusse  (1964); Burson (1963); Burson and B o r e l l a  
(1961); Cameron a n d  Huff  (1962); C l a r k e ,  Batter,  and Kaplan 
(1959); Defense C i v i l  Preparedness  Agency (November 1972b, 1977, 
September 1978): Federa l  Emergency Management Agency ( J u l y  1982, 
September 1983); French,  P r i c e ,  and  Tompkins (1965); H a a l a n d  
(1983); Holmes and  N a r v e r ,  Inc .  (1965b); Hubbel l  and Spencer  
(1964); Huddleston,  Doty, and Ingold  (1968); LeDoux (1959, 1960); 
McDonnell and V e l l e t r i  (1967); Reynolds,  Faw, and Robinson(l971); 
Robinson, Reynolds,  B u r r e ,  and  Faw (1969); Schmoke and  P o s t  
(1974); S t a r b i r d ,  Vel le t r i ,  MacNeil, and Batter (1963). 

4.3 E A " C E S ,  EXITS, AND CLOSURES 

This  s e c t i o n  is  concerned w i t h  e n t r a n c e s ,  e x i t s ,  and c l o s u r e s  
f o r  belowground c i v i l i a n  b l a s t  s h e l t e r s  des igned  f o r  o v e r p r e s s u r e s  
g e n e r a l l y  under 100 p s i .  

4.3.1 Entrances 

Ent rances  must be c o n s t r u c t e d  s o  t h a t  people  can g e t  i n t o  t h e  
s h e l t e r  as e f f i c i e n t l y  ( q u i c k l y )  as p o s s i b l e  and s o  t h a t  b l a s t  
o v e r p r e s s u r e  and r a d i a t i o n  ( e s p e c i a l l y  i n i t i a l  nuclear r a d i a t i o n )  
w i l l  be k e p t  o u t  of t h e  s h e l t e r - - a l l  t h i s  must be done a t  t h e  
least  p o s s i b l e  c o s t .  The most e f f e c t i v e  t echn iques  f o r  accom- 
p l i s h i n g  t h e s e  o b j e c t i v e s  are f a i r l y  w e l l  understood.  
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Fig. 4.5. Entrance reduction factor for fallout radiation. 
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ORNL DWG 7 3 - 2 2 2 9 A  

Fig .  4.16. Kearny b l a s t  valve.  



ORNL-DWG 66- 12320A 

UNUSED PARTS OF DOORWAY COVERED 

ORNL-DWG 66-12319A 

S H ELTE R 
AREA 

DOOR CASING 

(POWER STROKE 
OF THIS SAME WMP) PUMP FRAME 

COVERING OVER UNUSE3 
LOWER PART OF DOORWAY 

Fig. 4 .19 .  Kearny air pump. 
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ORNL OWG 71-724013 n 

FILL JAR NO MORE 
THAN HALF-FULL 
WITH COOKING OIL 
OR FAT 

CLEAN GLASS JAR 
FREE OF LABELS 

BENT NAlL.TIED 
OVER TOP OF ANOTHER 

BASE WILL NOT ROCK. 
BENT NAIL, so THE 

USE NAILS ABOUT k - I n  
SHORTER THAN THE 
DIAMETER OF JAR, 

KEEP EXTRA WIRE AND 
WICK-STRING IN SHELTER 

W I R E -  S T I F F E N E D - W I C K  LAMP 

ORNL DWG 71-7241R 

2’/2-in-LONG SOFT PINE BLOCK, 
OR ’/2-#n SHORTER THAN THE 
INNER DIAMETER OF JAR n 

MAKE NOTCH IN BLOCK BY 

DO K T  USE KEROSENE, 
DIESEL FUEL, OR GAS- 
OLINE -USE ONLY FATS 

FIRST SAWING 5 EVEN 
CUTS TO DEPTH, THEN 
WHITTLE OUT NOTCH 

.FLAME FROM END 
OF WICK IS JUST 
ABOVE OIL SURFACE 

A FINE WIRE TIED IN 
ITS CENTER AROUND 
THE NAILS.WITH THE 
ENDS OF THE WIRE 
WOUND IN OPPOSITE 
DIRECTIONS AROUND 
THE COTTON-STRING- 
WICK. USE COTTON 
THAT IS SLIGHTLY 
LESS THAN V8-m 
IN DIAMETER. USE 
WINDOW SCREEN 
WIRE OR OTHER 
EOUALLY FINE WIRE. 

~ - -  FLOATING W I C K  LAMP 

Fig. 4.20. Safe expedient lamps. 



A l l  of t h e  s h e l t e r  tests t h a t  were conducted by t h e  United 
S t a t e s  d u r i n g  a c t u a l  n u c l e a r  d e t o n a t i o n s  a r e  summar ized  i n  
Nuclear  Weapons E f f e c t s  Tests of Blas t - type  S h e l t e r s  by C h r i s t i a n  
Beck (1969). This  volume i s  a compendium of a l l  of t h e  i n d i v i d u a l  
weapons t es t  r e p o r t s  on b l a s t  s h e l t e r s .  

The f i r s t  documented tests of U.S. s h e l t e r s  occur red  i n  t h e  
BUSTER-JANGLE test  series i n  Nevada du r ing  October and November of 
1951. I n  t h e s e  tests some 29 s h e l t e r s  were b u i l t  a long  an  a r c  
a b o u t  1200 f t  f rom t h e  des igna ted  ground ze ros  of t h r e e  low- 
k i l o t o n  a i r b u r s t s .  The s h e l t e r s  were wood-lined covered t r e n c h e s ,  
covered metal a r c h e s ,  and basement lean- to  s h e l t e r s .  Instrumen- 
t a t i o n  w a s  ve ry  crude.  The tests showed t h a t  v e r y  low-cos t  
s t r u c t u r e s ,  when covered  wi th  s o i l ,  could resist n u c l e a r  weapons 
e f f e c t s  (Flynn,  1952).  Tests of bu r i ed  conc re t e  and. s t ee l  p i p e  
showed t h a t  economical  s t r u c t u r e s  could  be b u i l t  t o  resist a g r e a t  
d e a l  of b l a s t  p r e s s u r e  and t o  p r o v i d e  s i g n i f i c a n t  r a d i a t i o n  
p r o t e c t i o n  (Corsb ie ,  1952). 

I n  t h e  Nevada TUMBLER-SNAPPER series i n  A p r i l  through June  
1952, "has ty  a i r - r a i d  s h e l t e r s "  were t e s t e d ;  t h e s e  were unshored,  
covered t r e n c h e s  exposed t o  low-ki loton n u c l e a r  weapons. They 
provided good r a d i a t i o n  p r o t e c t i o n ,  but  t h e i r  a b i l i t y  t o  wi ths t and  
d e s t r u c t i o n  depended on t h e  cohes iveness  of t h e  o r i g i n a l  s o i l  
(Murdock, 1953). 

I n  t h e  UPSHOT-KNOTHOLE series i n  Nevada du r ing  e a r l y  1953, 
i n s t r u m e n t a t i o n  began t o  become more s o p h i s t i c a t e d ,  p r o d u c i n g  
p r e s s u r e - t i m e  t races .  T h i s  ser ies  inc luded  a tes t  of b l a s t  
e f f e c t s  on e n t r a n c e s  and a i r  i n t a k e s ,  i n c l u d i n g  b l a s t  v a l v e s  
(S innamon,  A u s t i n ,  and  Newmark, 1955). Newmark and Sinnamon 
(1954) c a r r i e d  ou t  some of t h e  f i r s t  t es t s  on dynamic s o i l  stress 
i n  t h e  v i c i n i t y  of a bu r i ed  s t r u c t u r e .  The s t r u c t u r e  had a very 
s t i f f  roof and showed no ear th-arch ing .  They observed g r e a t l y  
reduced p r e s s u r e  on t h e  w a l l s  of t h e  s t r u c t u r e  and a p r e s s u r e  
d i s t r i b u t i o n  over  t h e  f l o o r  comparable t o  t h a t  on t h e  roof .  

I n  t h i s  same tes t  series,  t h e  Navy t e s t e d  a bermed 25-ft-  
span by 48-ft-long s t e e l  a rch  personnel  s h e l t e r  w i t h  3 f t  o f  
e a r t h  cover  a t  10.8 p s i .  The entryway w a s  blown i n t o  t h e  s h e l t e r  
by p r e s s u r e  coming down t h e  e n t r a n c e  tunnel .  However, t h e  main 
p a r t  of t h e  s t r u c t u r e  surv ived  w i t h  only minor d i s t o r t i o n .  A 
s t r u c t u r e  of s i m i l a r  s i z e ,  assembled from precast conc re t e  p a n e l s ,  
su rv ived  wi th  s imilar ,  minor damage (Longmire, 1955). 

E ight  ou tdoor  and f o u r  indoor  home s h e l t e r s  proposed by t h e  
F e d e r a l  C i v i l  D e f e n s e  A d m i n i s t r a t i o n  f o r  p r o t e c t i o n  a g a i n s t  
r a d i a t i o n  and b l a s t  e f fec ts  were a l s o  t e s t e d .  The ove rp res su res  
were about one-half t hose  a n t i c i p a t e d ,  r e s u l t i n g  i n  no damage t o  
any of t h e  s h e l t e r s .  The s h e l t e r s  inc luded  a covered t r e n c h  w i t h  
conc re t e  l i n e r ,  a wood-covered t r ench ,  a conc re t e  p ipe ,  a block 
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w a l l ,  and a wooden basement lean-to.  The s h e l t e r  c l o s e s t  t o  
ground z e r o  su rv ived  25 p s i  (Brynes,  1953). 

Also i n  t h e  UPSHOT-KNOTHOLE tes t  series, Rober t s ,  White, and 
C h i f f e l l e  (1953) ob ta ined  some of t h e  f i r s t  i n fo rma t ion  on t h e  
b i o l o g i c a l  e f f e c t s  of n u c l e a r  weapons upon animals  and dummies ' i n  
group s h e l t e r s .  

OPERATION CASTLE i n  1954 w a s  a series of h igh-y ie ld  explo-  
s i o n s  i n  t h e  P a c i f i c  a t  B i k i n i  A t o l l ,  i n v o l v i n g  tests of t h e  e a r l y  
t h e r m o n u c l e a r  weapons ( h y d r o g e n  bombs). T e s t s  of c i v i l i a n  
s t r u c t u r e s  were r e p o r t e d  i n  t h i s  s e r i e s ;  however, t h e  f i r s t  s h o t  
of t h e  series, BRAVO, had a y i e l d  of 14.5 megatons when only  a 6- 
megaton y i e l d  w a s  a n t i c i p a t e d .  The h i g h  y i e l d  r e s u l t e d  i n  
u n a n t i c i p a t e d  h igh  p r e s s u r e s  which caused d e s t r u c t i o n  of s t r u c -  
t u r e s  n o t  d i r e c t l y  involved  w i t h  t h e  tests; f a i l u r e  of p r o t e c t i v e  
s t r u c t u r e s  f o r  camera mounts, among o t h e r  t h i n g s ,  were observed 
(Chr i s t ensen ,  1955). 

I n  OPERATION TEAPOT, i n  1955 a t  t h e  Nevada test s i t e ,  
a t t empt s  t o  g e t  q u a n t i t a t i v e  in fo rma t ion  on ea r th -a rch ing  u s i n g  a 
s t e e l  beam roof  on an  underground s h e l t e r  were a g a i n  unsuccess fu l ,  
probably due t o  t h e  f a c t  t h a t  t h e  s t r u c t u r e  w a s  t o o  r i g i d  (Wood- 
r i n g ,  Sinnamon, and Newmark, 1957). F u r t h e r  tests of 25-ft-span 
by 48-ft-long s tee l  a r c h  s h e l t e r s  were c a r r i e d  out .  There were 
two f u l l - s c a l e  s t r u c t u r e s  and t h r e e  s teel  and t h r e e  aluminum 
q u a r t e r - s c a l e  models i n  t h e  test .  The b u i l d i n g s  c o l l a p s e d  a t  30 
p s i  ove rp res su re  (approximate ly  200 p s i  dynamic p r e s s u r e ) .  The 
b u i l d i n g s  were bermed aboveground and hence were s e n s i t i v e  t o  t h e  
dynamic p r e s s u r e  (Va i l e  and M i l l s ,  1956). 

Two bur i ed ,  c o n c r e t e  box s h e l t e r s  w i t h  12- t o  24-in. w a l l s  
were s u b j e c t e d  t o  t h e  e f f e c t s  of an underground n u c l e a r  exp los ion  
i n  t h i s  s e r i e s .  Both s t r u c t u r e s  su rv ived  t h e  b l a s t ;  a l t hough ,  one 
w a s  only 55 f t  from t h e  l i p  of t h e  crater and w a s  d i s p l a c e d  almost  
2 f t  v e r t i c a l l y  and 4 f t  r a d i a l l y  from ground z e r o  (Sinnamon, 
Woodring, Newmark, and Matsuda, 1957). 

A v a r i e t y  o f ,  fami ly  s h e l t e r s  were t e s t e d  i n  t h e  APPLE-1 and 
APPLE-2 s h o t s  of t h i s  series. They inc luded  basement e x i t  
s h e l t e r s ,  masonry s h e l t e r s ,  poured-in-place c o n c r e t e  s h e l t e r s ,  a 
basement l ean - to ,  a basement conc re t e  room, a c o n c r e t e  bathroom, 
and what w a s  c a l l e d  a u t i l i t y  s h e l t e r  (an aboveground, unbermed, 
unsh ie lded ,  c u b i c l e ) .  I n  g e n e r a l ,  t h e  underground s h e l t e r s  f a r e d  
f a i r l y  w e l l .  The basement e x i t  s h e l t e r s  s u f f e r e d  moderate-to- 
s e v e r e  damage depending on t h e  number and s i z e  of t h e  s h e l t e r  
openings.  The indoor  s h e l t e r s  s u r v i v e d  q u i t e  w e l l  a t  5 p s i  
d e s p i t e  t h e  f a c t  t h a t  t h e  house around them was des t royed  (Vort- 
man, 1957). 

D u r i n g  t h e  APPLE-2 s h o t ,  t e n  t y p i c a l  American r e s i d e n t i a l  
s t r u c t u r e s  ( h o u s e s )  of wood, b r i c k ,  l i g h t w e i g h t  r e i n f o r c e d  
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c o n c r e t e  b l o c k ,  and  l i g h t w e i g h t  p r e c a s t  conc re t e  s l a b s  were 
t e s t e d .  Both one- and two-story s t r u c t u r e s  were s u b j e c t e d  t o  a 
29-kT explos ion .  The two-story b r i c k  house and t h e  one-story 
frame rancher  were completely des t royed  a t  t h e  5 p s i  ove rp res su re  
l o c a t i o n .  The o t h e r  s t r u c t u r e s  s u s t a i n e d  cons ide rab le  damage, 
even a t  ove rp res su res  as low as 2 p s i  (Randal l ,  1961). 

Also,  i n  OPERATION TEAPOT a v a r i e t y  of animals  were exposed 
t o  b l a s t  ove rp res su re  and thermal  r a d i a t i o n  i n  open s h e l t e r s .  
This  work c o n t r i b u t e d  much t o  t h e  unders tanding  of b l a s t  biology;  
i t  demonstrated t h e  n e c e s s i t y  f o r  having  doors  on b l a s t  s h e l t e r s  
(White, C.S., e t  al . ,  1956). 

OPERATION PLUMBBOB took p l a c e  i n  Nevada du r ing  t h e  summer of 
1957. P r o g r e s s i v e l y  more s o p h i s t i c a t e d  v a r i e t i e s  of s h e l t e r s  were 
t e s t e d  i n  t h i s  series. Four c o n c r e t e  a r c h  s t r u c t u r e s  w i t h  16-f t  
spans and w a l l  t h i c k n e s s e s  of 8 i n .  were p laced  a t  expec ted  50, 
100, and 200 p s i  l e v e l s  from a 36-kT tower shot .  The a c t u a l  
ove rp res su res  r ece ived  were 56, 124, and 199 p s i .  A l l  s t r u c t u r e s  
s u r v i v e d ,  w i t h  some c rack ing  i n  t h e  s t r u c t u r e  a t  t h e  199-psi 
pressure l e v e l .  These s t r u c t u r e s  were p laced  wi th  t h e  t o p  of t h e  
crown 4 f t  below ground l e v e l  s o  they  were e f f e c t i v e l y  p r o t e c t e d  
a g a i n s t  d rag  f o r c e s  (F la thau ,  Breckenridge,  and Wiehle,  1959.). 

I n  t h e  same sho t  t h e r e  were tests of 10-gauge co r ruga ted  
s t e e l  c a t t l e  passes, 10-gauge co r ruga ted  s t ee l  c i r c u l a r  p i p e ,  and 
c i r c u l a r  c o n c r e t e  sewer pipe.  The s t r u c t u r e s  were bur ied  a t  
depths  of 5 t o  10 f t .  P re s su res  as h igh  as 149 p s i  and gamma 
neu t ron  doses  i n  excess  of 100,000 R were exper ienced  aboveground 
a t  t h e  s h e l t e r  l o c a t i o n ;  however, t h e r e  w a s  n e g l i g i b l e  d e f l e c t i o n  
i n  a l l  of t h e  s h e l t e r s  and n e g l i g i b l e  r a d i a t i o n  recorded i n s i d e  
( A l b r i g h t ,  LeDoux, and M i t c h e l l ,  1960). 

Two types  of 25-ft-span by 48-ft-long co r ruga ted  s t e e l  a r ches  
were a l s o  t e s t e d  i n  t h e  PLUMBBOB S e r i e s .  One was a 10-gauge 
co r ruga ted  s t e e l  a r c h ,  t h e  o t h e r  was a co r ruga ted  s tee l  a r c h  wi th  
r e i n f o r c i n g  I-beam r i b s .  Both s t r u c t u r e s  were bur i ed  wi th  t h e  
crown 5 f t  below t h e  o r i g i n a l  grade.  They r e s p e c t i v e l y  su rv ived  
60 and 100 p s i  i n c i d e n t  p r e s s u r e  (Alb r igh t ,  Beck, LeDoux, and  
M i t c h e l l ,  1961). I n  ano the r  tes t ,  a 7-ft-diam, 10-gauge, galva-  
n i zed ,  m u l t i p l a t e  co r ruga ted  c u l v e r t  bur ied  w i t h  10 f t  of e a r t h  
c o v e r  s u r v i v e d  a 245 p s i  i n c i d e n t  overpressure .  The l a c k  of 
deformation i n d i c a t e s  t h a t  i t  would have surv ived  a much h i g h e r  
ove rp res su re  (Williamson and Huff ,  1961). 

During OPERATION PLUMBBOB, Bultman, S e v i n ,  and  S c h i f  fman 
performed t e s t s  on seven e x i s t i n g  s t r u c t u r e s  which were l e f t  from 
previous  nuc lea r  t e s t s .  The primary o b j e c t i v e  of t h e s e  tests w a s  
t o  d e t e r m i n e  t h e  r e l i a b i l i t y  of damage p r e d i c t i o n  schemes; 
however, a secondary f i n d i n g  was more important  w i th  respect t o  
s h e l t e r  design.  When t e s t i n g  t h e  same underground s t r u c t u r e s  used 
by Newmark and Sinnamon (1954) i n  t h e  UPSHOT-KNOTHOLE ser ies ,  a 
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s i g n i f i c a n t  a t t e n u a t i o n  of e f f e c t i v e  v e r t i c a l  e a r t h  p r e s s u r e  was 
observed w i t h i n  t h e  f i r s t  few f e e t  of depth.  This  w a s ,  a t  l a s t ,  a 
clear i n d i c a t i o n  t h a t  i n c r e a s i n g  t h e  depth  of b u r i a l  would provide  
g r e a t e r  p r o t e c t i o n  from b l a s t  l oad ing  f o r  bu r i ed  s t r u c t u r e s .  

I n  ano the r  test ,  an experiment  w a s  done i n  which a bu r i ed  
v e r t i c a l  c o n c r e t e  c y l i n d e r  was p r o t e c t e d  from ground motion by 
su r round ing  i t  wi th  squa re  glass b o t t l e s .  A r e d u c t i o n  of peak 
a c c e l e r a t i o n  by 75% w a s  observed ( V a i l e ,  1960). 

A 7500-ft2 underground pa rk ing  garage  equipped w i t h  a 4-f t -  
t h i c k  r o l l i n g  door was t e s t e d  a t  approximate ly  40 p s i .  There was 
no damage t o  t h e  garage  o r  t o  t h e  door. The r e t a i n i n g  w a l l  a t  
t h e  end of t h e  e n t r a n c e  ramp was damaged due t o  180 p s i  r e f l e c t e d  
p r e s s u r e  a t  t h a t  p o i n t  and t o  p o s s i b l e  p r e s s u r e  a m p l i f i c a t i o n  i n  
t h e  r e e n t r a n t  co rne r  (Cohen, Laing,  and Bo t t enhofe r ,  Septem.ber 
1962). 

The FCDA Family S h e l t e r  Mark I w a s  t e s t e d  a t  30, 48, and 65 
p s i ;  t h i s  s h e l t e r  was a r e c t a n g u l a r  c o n c r e t e  box w i t h  a "Z" shaped 
entryway and was des igned  f o r  30 p s i .  There w a s  no damage t o  t h e  
s h e l t e r  s t r u c t u r e  a t  65 p s i .  The v e n t i l a t i o n  p i p e s  were bent  over  
a t  r i g h t  a n g l e s ,  t h u s  r ende r ing  them i n o p e r a t i v e .  FitzSirnons 
(1957) e s t ima ted  t h a t  t h e  s h e l t e r  would have t aken  cons ide rab ly  
more overpressure .  

F i t zS i rnons  ( 1 9 5 8 )  a l s o  t e s t e d  s e v e r a l  i n d u s t r i a l  doors  
designed f o r  b l a s t  r e s i s t a n c e  t o  r e f l e c t e d  p r e s s u r e s  of 9 t o  1 7  
p s i .  The door  types  inc luded  s t ee l  p l a t e ,  c e l l u l a r  s teel ,  wood 
p lank ,  hol low plywood, and s o l i d  plywood. Only t h e  h o l l o w  
plywood door f a i l e d  s t r u c t u r a l l y .  The door hardware ( i . e . ,  h inges  
and l a t c h e s )  was found t o  be t h e  weak p o i n t  f o r  some of t h e  door 
des igns ;  t h e  "rebound" f o r c e s  on t h e  h inges  and l a t c h e s  were found 
t o  be one-half t h e  p o s i t i v e  b l a s t  f o r c e s  on t h e  door.  

A c o n c r e t e  and s teel  bank v a u l t  w a s  t e s t e d  i n  t h e  PLUMBBOB 
series a t  more than  300 p s i .  The s t r u c t u r a l  i n t e g r i t y  of t h e  
v a u l t  was ma in ta ined ;  a l though ,  an  o u t e r  l a y e r  of r e i n f o r c i n g  
s t ee l  w a s  s t r i p p e d  away on one s i d e  (Cohen, Laing,  and Botten-  
h o f e r ,  May 1962). 

A c y l i n d r i c a l  conc re t e  personnel  s h e l t e r  developed by t h e  
French w a s  t e s t e d  a t  118 and 132 p s i .  Although s u p e r f i c i a l  damage 
was done t o  t h e  s t r u c t u r e ,  r a d i a t i o n  p r o t e c t i o n  of t h e  occupants  
would have been adequate .  The i n t a k e  and exhaus t  s t a c k s  were 
shea red  o f f  (Cohen and Dobbs, 1960). A similar  test  was run on 
r e c t a n g u l a r  bur ied  r e i n f o r c e d  c o n c r e t e  and c i r c u l a r  r e i n f o r c e d  
c o n c r e t e  s h e l t e r s  designed by t h e  Fede ra l  Republ ic  of Germany. 
A l l  s t r u c t u r e s  performed as expec ted  (Cohen and B o t t e n h o f f e r ,  
1962). 
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OPERATION PLUMBBOB a l s o  p r o v i d e d  a n  o p p o r t u n i t y  t o  tes t  
s h e l t e r  v e n t i l a t i o n  systems. Dennis ,  B i l l i n g s ,  a n d  S i l v e r m a n  
(1962) e v a l u a t e d  t h e  e f f e c t s  of b l a s t  on f i l t r a t i o n  d e v i c e s  and 
t y p i c a l  gas  c l e a n i n g  equipment. White, Wetherbe, and Goldizen 
(1957) i n v e s t i g a t e d  18 underground s t r u c t u r e s  f o r  t h e  occurrence  
of p o s t t e s t  dus t .  They found t h a t ,  even i n  c l o s e d  s h e l t e r s ,  
annoying o r  i r r i t a t i n g  d u s t  could be produced from t h e  i n t e r € o r  
s u r f a c e s  of t h e  s h e l t e r  as i t  responded t o  t h e  b l a s t  loading .  

OPERATION HARDTACK i n  1958 was t h e  l a s t  a tmospher ic  n u c l e a r  
test series a t  which t h e r e  was documented t e s t i n g  of c i v i l i a n  
s h e l t e r s .  Phase I ,  employing l a r g e - y i e l d  weapons, was c a r r i e d  o u t  
i n  t h e  P a c i f i c .  The 25-ft-span by 48-ft-long, 10-gauge cor ru-  
g a t e d  metal a r c h e s  which were t e s t e d  s u c c e s s f u l l y  i n  t h e  PLUMBBOB 
series were t e s t e d  a g a i n  a t  t h e  P a c i f i c  t e s t  s i t e .  Two impor t an t  
m o d i f i c a t i o n s  were made. Due t o  t h e  h igh  water t a b l e ,  t h e  a r c h e s  
were c o n s t r u c t e d  a t  grade  l e v e l  and then  covered wi th  a n  e a r t h e n  
berm. The second and more c r u c i a l  d i f f e r e n c e  i s  t h a t  t h e  berm was 
composed of c o r a l  sand c o n t a i n i n g  l a r g e  numbers of small c r u s h a b l e  
sea s h e l l s .  The a r c h e s  were tested a t  p r e s s u r e s  r ang ing  from 78 
t o  180 p s i .  A l l  f a i l e d  c a t a s t r o p h i c a l l y  (LeDoux and  Rush ,  
1961). 

The OCDM fami ly  f a l l o u t  s h e l t e r  was t e s t e d  i n  Phase I1 of 
OPERATION HARDTACK a t  t h e  Nevada tes t  s i t e .  It was expec ted  t o  
have only  5 p s i  b l a s t  r e s i s t a n c e ,  bu t  w i ths tood  13.5 p s i  w i t h  no 
s t r u c t u r a l  damage a t  a l l .  With ove r  2 f t  of e a r t h  cover  on t h e  
8-f t -span r o o f ,  i t  could  have t aken  cons ide rab ly  more ove rp res su re  
(Roembke, 1958b). 

A l s o  i n  OPERATION HARDTACK, Cameron and Huff ( June  1962) 
t e s t e d  t h e  i n i t i a l  n u c l e a r  r a d i a t i o n  doses  and t h e  a c c e l e r a t i o n s  
i n s i d e  f o u r  s h e l t e r s .  I n i t i a l  n u c l e a r  r a d i a t i o n  doses  were found 
t o  be h i g h e r  t han  t h o s e  p r e d i c t e d ;  however, r a d i a t i o n  b a c k s c a t t e r  
f r o m  t h e  s h e l t e r  w a l l s  and  gamma r a d i a t i o n  o r i g i n a t i n g  from 
neut ron  p e n e t r a t i o n  of t h e  c o n c r e t e  s t r u c t u r e  were n o t  t aken  i n t o  
account  i n  t h e  p r e d i c t i o n s .  Measured a c c e l e r a t i o n s  i n s i d e  t h e  
s t r u c t u r e  i n d i c a t e d  t h a t  t h e  peak h o r i z o n t a l  and peak ver t ica l  
a c c e l e r a t i o n s  were about  equa l ;  a l t hough ,  bo th  were up t o  50% 
h i g h e r  than  t h e  f r e e - f i e l d  a c c e l e r a t i o n s .  

I f  one reviews t h e  h i s t o r y  of s h e l t e r  development i n  n u c l e a r  
t e s t s  ove r  t h e  p e r i o d  of  1951 t o  1958 ,  p r o g r e s s  i s  r e a d i l y  
appa ren t .  It  w a s  qu ick ly  l e a r n e d  t h a t  p r o t e c t i o n  from i n i t i a l  
n u c l e a r  r a d i a t i o n  was a major problem which dominated t h e  s h e l t e r  
d e s i g n  f o r  low-yield weapons. It w a s  a l s o  l e a r n e d  from animal  
exper iments  t h a t  i t  i s  no t  p o s s i b l e  t o  b u i l d  an  open s h e l t e r  f o r  
n u c l e a r  weapons f o r  more than  a few p s i .  Much e f f o r t  i n  t h e  
c i v i l i a n  s h e l t e r  development program w a s  d i r e c t e d  a t  keeping  c o s t s  
down. He lp fu l  i n  t h i s  r e s p e c t  w a s  t h e  use  of s e l e c t e d  unsatu-  
r a t e d  s o i l  cover  t o  g a i n  e a r t h  a r c h i n g ,  t h e r e b y  h e l p i n g  t h e  
s t r u c t u r e  t o  resist more b l a s t  load.  
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5.1-2 Bigh-Explosive Field Tests 

With t h e  n e g o t i a t i o n  of t h e  T e s t  Ban Trea ty  i n  1963, t h e  
Defense Atomic Support  Agency, now t h e  Defense Nuclear Agency, 
tu rned  t o  high-explosive tests t o  con t inue  t h e  deve lopmen t  of  
n u c l e a r - r e s i s t a n t  m i l i t a r y  s t r u c t u r e s  and equipment. 

An agreement was reached wi th  t h e  Canadian government f o r  
U.S. p a r t i c i p a t i o n  i n  h i g h - e x p l o s i v e  f i e l d  t e s t s  which t h e  
Canadians had been conduct ing s i n c e  t h e  e a r l y  1960s. The t e s t s  
were conducted a t  S i i f f i e ld  Experiment S t a t i o n  i n  sou the rn  A l b e r t a  
by t h e  Canadian Defense Research Es tab l i shment .  A test  i n  1961 
u s i n g  100 t o n s  of TNT i n c l u d e d  exper iments  w i th  l / lO th - sca l e  
c o n c r e t e  s l a b s  a t  t h e  s u r f a c e  and belowground (Purd ie ,  1964) and 
t e s t s  a t  50  p s i  of 1 / 1 2 t h - s c a l e  conc re t e  s t r u c t u r e s  (Davies ,  
1963). 

The tes t  charge was r a i s e d  t o  500 t o n s  of TNT i n  OPERATION 
SNOWBALL, t h e  f i r s t  l a r g e - s c a l e  U.S. high-explos ive  tes t  (General  
Electr ic  Company--TEMPO, 1965). The test  w a s  he ld  i n  New Mexico 
i n  J u l y  1964 and inc luded  experiments  w i th  b u r i e d  conc re t e  a rches  
(Pa lac ious  and Kennedy, 1967; Sager ,  1965). Kennedy (1970) a l s o  
r epor t ed  t e s t s  on a h a l f - s c a l e ,  f l e x i b l e  a r c h  s h e l t e r  i n  dense 
sand i n  OPERATION PRAIRIE FLAT, a 500-ton TNT s h o t  i n  Canada i n  
t h e  summer of 1968. 

OPERATION DIAL PACK, ano the r  Canadian t es t ,  fol lowed i n  Ju ly  
1970. DIAL PACK was a s i n g l e  500-ton TNT b l a s t .  Various s h e l t e r  
t ypes  were inc luded  i n  t h e  event :  Canadian f ami ly  b l a s t  s h e l t e r s  
( Jones ,  Johnson, and Reid,  19721, conc re t e  a r c h  bunkers (McGrath, 
19711, and even a f i b e r g l a s s  b l a s t  s h e l t e r  (N ie l sen ,  1981). 

This  tes t  w a s  fol lowed by t h e  U.S. t es t ,  MIXED COMPANY, i n  
November 1972. This  was a 500-ton, TNT s h o t  w i t h  f o r e i g n  p a r t i c i -  
p a t i o n  from s e v e r a l  NATO c o u n t r i e s  (General  E l e c t r i c  Co., 1973a, 
1973b) .  The p e r s o n n e l  s h e l t e r s  which were t e s t e d  inc luded  a 
v a r i e t y  of wooden s t r u c t u r e s  by t h e  Waterways Experiment S t a t i o n  
(Ba l l ,  1974) a t  15, 30, and 100 p s i  and a l s o  inc luded  a 1/2-scale 
cor ruga ted  metal a rch .  This  tes t  was a l s o  t h e  f i r s t  b l a s t  test of 
exped ien t  s h e l t e r s  by t h e  Oak Ridge Na t iona l  Labora tory  (Kearny 
and Ches t e r ,  1974). 

The DICE THROW e v e n t ,  conducted by t h e  United S t a t e s  i n  
October 1976, was a 600-ton ammonium n i t r a t e - f u e l  o i l  (ANFO) 
e x p l o s i o n .  The ammonium n i t r a t e  and f u e l  o i l  exp los ive ,  i n  
a d d i t i o n  t o  c o s t i n g  less than  l / l O t h  as much as TNT, i s  also a 
c l e a n  exp los ive  which does not  cover  e v e r y t h i n g  wi th  t h e  b lack ,  
g reasy  soot  c h a r a c t e r i s t i c  of TNT s h o t s .  Many v a r i e t i e s  of 
expedient  s h e l t e r s  were t e s t e d  by t h e  Oak Ridge Na t iona l  Labora- 
t o r y  i n  t h i s  e v e n t ,  i n c l u d i n g  a Russian small-pole  s h e l t e r  a t  53 
p s i  (Kearny  and C h e s t e r ,  1978). It  w a s  found t h a t  unshored 
covered t r e n c h e s ,  even  i n  t h e  h a r d  d e s e r t  s o i l  a t  t h e  t e s t  
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s i t e ,  c o l l a p s e d  from ground motion a t  r e l a t i v e l y  low overpres-  
su res .  Concepts l i k e  t h e  r u g - c o v e r e d  t r e n c h  were abandoned  
completely.  There was p a r t i c i p a t i o n  from NATO c o u n t r i e s  inc lud-  
i n g  tests of s h e l t e r s  from West Germany, Norway, and  Sweden 
(Genera l  E lec t r ic  Co., 1977a, 1977b, 1977c; Watt and Kaufmann, 
1978; Watt, Kaufmann, and McVay, 1979; Watt, Zahlmann, and Cole,  
1977). 

MISER'S BLUFF, a 120- ton  ANFO e x p l o s i o n ,  i n  J u n e  1978 
inc luded  tests of b u r i e d  s h e l t e r s  up t o  100 p s i .  The small p o l e  
s h e l t e r  w a s  t e s t e d  by Oak Ridge Na t iona l  Labora tory  (Kearny, 
Ches t e r ,  and York, 1 9 8 0 )  and  t h e  D O N N  C o r p o r a t i o n  t e s t e d  a 
c o r r u g a t e d  metal s h e l t e r  a t  t h a t  ove rp res su re  ( P e t r a s  e t  a l . ,  
1979a, 1979b). I n  t h i s  tes t ,  West Germany had both  a basement 
s h e l t e r  and a Swedish des ign  modeled a f t e r  t h e  Russ ian  small-pole  
s h e l t e r  (S t rode  e t  a l . ,  1979a, 1979b, 1 9 7 9 ~ ) .  A test of a Swedish 
v a u l t  s h e l t e r  was r e p o r t e d  by Stephens (1979). I n  t h e  MISER'S 
BLUFF tes t ,  t h e  Boeing Company demonstrated on a mass scale t h e  
a b i l i t y  of  e a r t h  a r c h i n g  t o  p r o t e c t  i n d u s t r i a l  equipment by 
cover ing  t h e  equipment w i t h  bags of aluminum c h i p s  and then  w i t h  a 
few f e e t  of s o i l  ( S t r o d e  e t  a l . ,  1979b). 

The MILL RACE Event  i n  September 1981 w a s  a 600-ton ANFO s h o t  
which saw f u r t h e r  development of expedient  hardening  and crisis 
upgrading (Tans ley  and Zaccor,  1982). There were t e s t s  of a 
t imber  v e r s i o n  of t h e  expedient  small-pole s h e l t e r ,  Swedish f i e l d  
f o r t i f i c a t i o n s ,  tests of U.S. m i l i t a r y  p o r t a b l e  s h e l t e r s ,  above- 
ground h o s t  area s t r u c t u r e s ,  basement s t r u c t u r e s ,  and keyworker 
s h e l t e r s ,  as w e l l  as u t i l i t y  v a u l t s  used as s h e l t e r s  (Reid and 
Grayson, 1982a, 1982b, 1 9 8 2 ~ ) .  

The DISTANT RUNNER tes t  series inc luded  two 120-ton ANFO 
exp los ions  i n  September and October 1981. T h e s e  e v e n t s  were 
s p e c i f i c a l l y  i n t e n d e d  t o  test aboveground, NATO-type a i r c r a f t  
s h e l t e r s .  Two such  s t r u c t u r e s  were sub jec t ed  t o  13 and 17 p s i  
(Bousek, 1982; F l o r y ,  1982; Rooke, 1983). 

The DIRECT COURSE tes t  i n  October 1983 w a s  a n o t h e r  600-ton 
ANFO t e s t  wh ich  i n c l u d e d  f u r t h e r  demonst ra t ions  of expedient  
i n d u s t r i a l  h a r d e n i n g  and  u p g r a d i n g  of  b a s e m e n t s  ( W i l t o n  and  
Z a c c o r ,  1984) .  The  U. S. Army Corps of Engineers  t e s t e d  an  
e n t r a n c e  and a n  improved b l a s t  door f o r  s h e l t e r  f o r  c r i t i c a l  
workers (Hyde and Kige r ,  1984). A bur i ed  1 /4-sca le  co r ruga ted  
metal s h e l t e r  w a s  t e s t e d  a t  200 p s i ;  t h e  des ign  of t h i s  c y l i n d r i -  
cal s t r u c t u r e  o f f e r s  t h e  p o t e n t i a l  t o  g r e a t l y  reduce f a b r i c a t i o n  
c o s t s  of co r ruga ted  metal s h e l t e r s .  A 0.080-in-thick membrane 
d o o r  w a s  t e s t e d  a n d  su rv ived  200 p s i  (Zimmerman and Ches t e r ,  
1984). Also t e s t e d  w e r e  co r ruga ted  m e t a l  c l o s u r e s  and h i g h - r i s e  
basement s h e l t e r s  (Raska and Grayson, 1985). 

The most r e c e n t  high-explosive tes t  was t h e  MINOR SCALE even t  
h e l d  i n  New Mexico i n  June 1985. This  4800-ton ANFO exp los ion  
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s i m u l a t e d  t h e  a i r b l a s t  of an  8-kT n u c l e a r  weapon; i t  was t h e  
l a r g e s t  planned non-nuclear exp los ion  i n  h i s t o r y .  I n  a d d i t i o n  t o  
e x p e r i m e n t s  on m i l i t a r y  equ ipmen t  and s t r u c t u r e s ,  a 100-man 
belowground conc re t e  box s h e l t e r  w a s  t e s t e d  by t h e  Army Corps of 
Engineers  as p a r t  of t h e  keyworker s h e l t e r  program. Publ i shed  
r e s u l t s  from MINOR SCALE are no t  y e t  a v a i l a b l e .  

H i g h - e x p l o s i v e  t e s t s ,  w h i l e  n o t  producing  long  d u r a t i o n  
ove rp res su re  or  i n i t i a l  n u c l e a r  r a d i a t i o n ,  do oEfer  very l a r g e  
t e s t  areas  a t  very l i t t l e  cos t .  Quar te r -sca le  models can be 
t e s t e d ;  they  p rov ide  the response  of a f u l l - s c a l e  test  o b j e c t  t o  
smaller s t r a t e g i c  n u c l e a r  weapons. However, such tests provide  
only  very s h o r t  d u r a t i o n  ove rp res su res .  Objec ts  bu r i ed  a t  dep ths  
where t h e  t r a v e l  t i m e  of t h e  shock wave i n  s o i l  from t h e  s u r f a c e  
t o  t h e  test o b j e c t  i s  comparable t o  t h e  p o s i t i v e  d u r a t i o n  of t h e  
b l a s t  wave w i l l  n o t  respond f u l l y  t o  t h e  overpressure .  The use  of 
scale models t o  avoid  t h i s  d i f f i c u l t y  has  i t s  own se t  of problems. 
Where f o r c e s  due t o  g r a v i t y  are impor tan t  i n  stresses on t h e  t es t  
o b j e c t ,  t h e  o b j e c t  w i l l ,  aga in ,  no t  respond f u l l y .  Reducing t h e  
scale of a model has  t h e  same e f f e c t  as reducing  t h e  g r a v i t a t i o n a l  
f i e l d  on t h e  pro to type .  

5.1.3 Laboratory Simlat ion Testing 

There are o t h e r  e x p l o s i v e  techniques  f o r  s i m u l a t i n g  n u c l e a r  
ove rp res su res  and d u r a t i o n s  on tes t  items. To s i m u l a t e  l a rge -  
y i e l d  weapon d u r a t i o n s  on bur ied  s t r u c t u r e s ,  t h e  High Explos ive  
S imula t ion  Technique (HEST) can be used. I n  t h i s  technique  t h e  
s t r u c t u r e  i s  bur i ed ,  then  covered by a c a v i t y  c o n t a i n i n g  explo-  
s i v e s  and a heavy e a r t h e r n  berm. By vary ing  t h e  volume of t h e  
c a v i t y ,  t h e  amount of e x p l o s i v e  i n  i t ,  and t h e  t h i c k n e s s  of t h e  
e a r t h  cover ,  any combination of weapon y i e l d  and ove rp res su re  can 
be s imula ted  (Wampler e t  a l . ,  1978). This  technique  s u f f e r s  from 
t h e  shortcoming t h a t  t h e r e  is no nega t ive  phase of t h e  overpres-  
s u r e ,  and t h e r e  is danger of t h e  experiment be ing  damaged by 
d i r t  and s t r u c t u r a l  material f a l l i n g  back i n t o  t h e  tes t  area. 

Shock tubes  can be used t o  a p p l y  b o t h  o v e r p r e s s u r e  and  
dynamic (wind) p r e s s u r e  t o  exper imenta l  o b j e c t s  small enough t o  
f i t  i n  t h e  tube.  Large-diameter shock tubes  are i n  o p e r a t i o n  a t  
t h e  Ba l l i s t i c  Research Labora to r i e s  a t  Aberdeen Proving Ground, 
Maryland. 

Waterways Experiment S t a t i o n  i n  Vicksburg, M i s s i s s i p p i ,  has  a 
number of weapon o v e r p r e s s u r e  s i m u l a t o r s .  These  c o n s i s t  of 
v e r t i c a l  c y l i n d r i c a l  t anks  which can be p r e s s u r i z e d  dynamical ly  
wi th  e x p l o s i v e s  o r  s t a t i c a l l y  w i t h  water. Sca le  models can be 
t e s t e d  i n  t h e  e a r t h - f i l l e d  lower s e c t i o n  of t h e  tank  (F la thau  and 
Balsara, 1978; Guice and Slawson, 1986). Overpressures  of s e v e r a l  
hundred p s i  and any d u r a t i o n  can be ob ta ined  i n  t h e s e  s imula to r s .  
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Unl ike  shock t u b e s ,  t h e s e  s i m u l a t o r s  do not  produce a b l a s t  wind 
o r  dynamic ove rp res su re  on d r a g - s e n s i t i v e  t a r g e t s .  

H i g h - e x p l o s i v e  t e s t i n g  a n d / o r  s i m u l a t i o n  t echn iques  are 
a v a i l a b l e  which can s i m u l a t e  most of t h e  b l a s t  e f f e c t s  of n u c l e a r  
weapons. Using t h e s e  t echn iques ,  des igns  can be t e s t e d  t o  provide  
h igh  conf idence  t h a t  a s h e l t e r  w i l l  perform accord ing  t o  des ign  i n  
a n u c l e a r  weapons environment. The techniques  do no t  s i m u l a t e  
every  n u c l e a r  weapon e f f e c t  s imul t aneous ly ;  no tab ly  miss ing  are 
i n i t i a l  n u c l e a r  r a d i a t i o n  and ground motion of a magnitude e q u a l  
t o  t h a t  produced by l a rge -y ie ld  n u c l e a r  weapons. A t  h igh  over- 
p r e s s u r e s  from small weapons, t h e s e  e f f e c t s  l a r g e l y  c o n t r o l  t h e  
des ign .  Caut ion must be e x e r c i s e d  t o  prevent  ove r  conf idence  i n  
h igh  p r e s s u r e  s h e l t e r  des igns  s imply because they have been t e s t e d  
i n  h igh  e x p l o s i v e  s imula t ions .  

For  a d d i t i o n a l  i n fo rma t ion  on l a b o r a t o r y  t e s t i n g  of s h e l t e r s ,  
t h e  fo l lowing  r e f e r e n c e s  are sugges ted :  A l b r i t t o n  and  Balsara  
(1980);  Allgood, White, Swalley,  and G i l l  (1963);  Bakos (1969);  
Criswell (1972);  Gabr i e l sen  and Wil ton (1974); Leskys and A l b r i t -  
t o n  (1968);  Walker and Bultman (1984);  Willoughby, Wil ton,  and 
Gabr i e l sen  (1967, 1969); Wil ton and  G a b r i e l s e n  ( 1 9 7 2 ,  1 9 7 3 ) ;  
Woodson ( 1984). 

5.2 HABITABILITY TESTING 

Habitability t e s t i n g  of a c t u a l  s h e l t e r s  has  been done f o r  
t h r e e  reasons :  (1 )  t o  conduct e n g i n e e r i n g  e v a l u a t i o n s  of t h e  
s h e l t e r  and  i t s  va r ious  systems,  ( 2 )  t o  conduct p sycho log ica l  
e v a l u a t i o n s  of s h e l t e r  occupants  and  s h e l t e r  managers  d u r i n g  
a c t u a l  i n - s h e l t e r  t e s t s ,  and  ( 3 )  t o  p r o v i d e  i n f o r m a t i o n  on 
adequate  v e n t i l a t i o n  r a t e s  i n s i d e  s h e l t e r s .  The f i r s t  two 
c a t e g o r i e s  h a v e  i n v o l v e d  a c t u a l ,  long-term (up t o  two weeks) 
occupancy experiments .  The t h i r d  ca t egory  of t e s t s  h a s  l a r g e l y  
been done i n  unoccupied s h e l t e r s .  Wright,  Chessin,  Laney, and Cox 
(1982) have a t tempted  t o  summarize t h e  f i n d i n g s  of t h e s e  s h e l t e r  
h a b i t a b i l i t y  s t u d i e s .  A more d e t a i l e d  d e s c r i p t i o n  of such 
experiments  i s  g iven  i n  t h i s  s e c t i o n .  

5.2.1 Engineering Aspects of Habitability 

S h e l t e r  occupancy experiments  began i n  1959 (Vernon, 19591, 
when P r i n c e t o n  U n i v e r s i t y  made t h e  f i r s t  a t t empt  t o  determine 
whether o r  n o t  a fami ly  could remain conf ined  i n  a s h e l t e r  f o r  a 
p e r i o d  of 14 days and t o  de te rmine  t h e  n a t u r e  and g r a v i t y  of any 
problems a s s o c i a t e d  wi th  s h e l t e r  occupancy .  The f ive-member 
fami ly  remained i n  an  8-ft by 9-ft basement f a l l o u t  s h e l t e r  f o r  
t h e  f i r s t  two weeks of August 1959. The s h e l t e r  was s tocked  w i t h  
food ,  water, a manual blower, and a chemical t o i l e t .  Although t h e  
tempera ture  i n s i d e  t h e  s h e l t e r  reached 79OF, t h e  fami ly  w a s  a b l e  
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t o  remain comfor tab le  by o p e r a t i n g  t h e  blower f o r  approximately 
f i v e  minutes every  h a l f  hour  dur€ng t h e  pe r iod  when they  were 
awake. The s tudy  w a s  s u c c e s s f u l  i n  t h a t  i t  c l e a r l y  i n d i c a t e d  t h a t  
t h i s  p a r t i c u l a r  f ami ly  was capable  of e a s i l y  wi ths t and ing  t h e  f u l l  
14 days of s h e l t e r  confinement;  no major problems developed. 

Altman, Smith, Meyers, McKenna, and Bryson ( 1 9 6 1 )  of t h e  
American I n s t i t u t e s  f o r  Research (AIR) fol lowed s e v e r a l ,  b r i e f  
p i l o t  s t u d i e s  wi th  a set of f o u r  exper iments ,  each wi th  a 30- 
p e r s o n  g r o u p  o c c u p y i n g  a s i m u l a t e d  s h e l t e r .  Three of t h e s e  
occupancy tests were each run f o r  a d u r a t i o n  of one week; t h e  
f o u r t h  l a s t e d  two weeks. The major exper imenta l  v a r i a b l e s  were 
t h e  s h e l t e r  tempera ture  and t h e  presence  o r  absence of a t r a i n e d  
s h e l t e r  manager. The s h e l t e r  occupants  were pa id  vo lun tee r s  of 
bo th  s e x e s ,  rang€ng in age from 7 t o  72. The s imula t ed  s h e l t e r  
was approximately 1 2  by 20 f t  w i th  an  a c t u a l  f l o o r  area of 242 
f t 2  (8 f t 2  f o r  each occupant) .  

The A I R  tests measured t h e  t o l e r a n c e  of s h e l t e r  occupants  t o  
i n c r e a s e s  i n  t h e  " e f f e c t i v e  tempera ture"  of t h e  s h e l t e r .  The 
" e f f e c t i v e  t e m p e r a t u r e "  is t h a t  t e m p e r a t u r e  of a i r  a t  100% 
r e l a t i v e  humidi ty  which causes  t h e  same s e n s a t i o n  of warmth o r  
c o l d  t o  t h e  human body as does t h e  e x i s t i n g  room temperature and 
humidi ty  l e v e l .  I n  one of t h e  A I R  tests,  t h e  e f f e c t i v e  tempera- 
t u r e  climbed t o  85OF, a l e v e l  which t h e  i n v e s t i g a t o r s  found t o  be 
t o l e r a b l e  but  near t h e  t h r e s h o l d  of i n t o l e r a n c e .  A t  t h i s  temper- 
a t u r e ,  t h e  s h e l t e r  o c c u p a n t s  e x h i b i t e d  p ro fuse  p e r s p i r a t i o n ,  
r e d u c t i o n  of a c t i v i t y ,  l a c k  of c o n c e n t r a t i o n ,  headaches,  nausea ,  
and  e l e v a t e d  body temperatures .  The i n v e s t i g a t o r s  found t h a t  
"personal  e f f e c t i v e n e s s  and s h e l t e r  o r g a n i z a t i o n  would be seri- 
ous ly  impaired by h ighe r  tempera tures  f o r  a prolonged per iod ."  

During t h e  l a s t  20 hours  of t h e  two-week A I R  t es t ,  e l even  
a d d i t i o n a l  occupants  were admi t ted  t o  t h e  s h e l t e r  i n  o r d e r  t o  
s i m u l a t e  overcrowding. The 30 bunks, which could be disassembled 
f o r  i n c r e a s e d  dayt ime f l o o r  space ,  provided adequate  s l e e p i n g  
space f o r  a l l  of t h e  a d d i t i o n a l  s h e l t e r  occupants .  Even wi th  t h i s  
i n c r e a s e d  number of occupants  (41 t o t a l  occupants  a t  6 f t 2  p e r  
pe r son) ,  no major problems o r  c o n f l i c t s  developed. 

The U. S. Navy c o n d u c t e d  s e v e r a l  s h e l t e r  occupancy tests 
between 1959 and 1963. Each of t h e s e  was an  "engineer ing  eva lua-  
t i o n "  of s h e l t e r  equipment and procedures .  Two s h e l t e r s  were 
used: one i n  Camp Parks ,  C a l i f o r n i a ,  and t h e  o t h e r  i n  Bethesda,  
Maryland. The s h e l t e r  des ign  used i n  t h e s e  tests was t h e  same as 
t h e  bu r i ed ,  corrugated-metal ,  s t ee l  a r c h  which had been t e s t e d  i n  
t h e  OPEKATION PLUMBBOB n u c l e a r  test series of 1957 ( A l b r i g h t ,  
Beck, LeDoux, and M i t c h e l l ,  1961). The 25-ft  by 48-ft  s h e l t e r s  
were designed f o r  occupancy by 100 persons  a t  1 2  f t 2  pe r  person. 
The s h e l t e r s  were equipped wi th  plumbing € o r  t h e  d r i n k i n g  water 
and f o r  t h e  t o € l e t s  and a l s o  wi th  an e l e c t r i c  g e n e r a t o r  s y s t e m  f o r  
powering t h e  l i g h t i n g  s y s t e m  and t h e  v e n t i l a t i o n  blower. 
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F o u r  t e s t s  were conducted by t h e  U.S. Naval Rad io log ica l  
Defense Laboratory (USNRDL) us ing  t h e  Camp Parks s h e l t e r .  I n  
October 1959, 100 male v o l u n t e e r s  ( inmates  from a minimum s e c u r i t y  
p r i s o n )  occupied t h e  s h e l t e r  f o r  two weeks (Goldbeck and Newman, 
1960). The s h e l t e r  tempera ture  ranged from 7 1  t o  81°F. A d i u r n a l  
v a r i a t i o n  of tempera ture  w a s  observed i n s i d e  t h e  s h e l t e r ;  t h e  
v e n t i l a t i o n  blower had t o  be s h u t  o f f  a t  n i g h t  t o  r e t a i n  warmth i n  
t h e  s h e l t e r .  Because on ly  50 of t h e  occupants  could be s e a t e d  a t  
one t i m e ,  i n s u f f i c i e n t  s e a t i n g  space  was a major problem. I n  
December 1959, t h e  second Camp Parks  test a l s o  u s e d  100  male  
inmates  as s h e l t e r  occupants  (S t rope ,  E t t e r ,  Goldbeck, H i e s k e l l ,  
and Sheard,  1960). No problems were observed du r ing  t h i s  two-week 
t r i a l ;  t h e  mean e f f e c t i v e  s h e l t e r  tempera ture  was about  70°F. 

I n  t h e  USNRDL tes t  of J u l y  1960, 100 men occupied t h e  s h e l t e r  
f o r  100 hours  (S t rope  et. a l ,  1960). The outdoor  tempera ture  
r e a c h e d  a maximum of 93OF, but  t h e  s h e l t e r  never  exceeded an  
e f f e c t i v e  tempera ture  of 81°F. Average d a i l y  water consumption 
was about  3 q u a r t s  p e r  person. The i n v e s t i g a t o r s  r e p o r t e d  t h a t  
t h e  h igh  tempera tures  seemed t o  have no e f f e c t  on t h e  a c t i v i t y  of 
t h e  occupants  du r ing  t h i s  sho r t -du ra t ion  tes t .  A se t  of low-cost,  
f i b e r b o a r d  f u r n i t u r e  was inc luded  i n  t h e  test; t h e  r e s u l t i n g  wear 
on t h i s  f u r n i t u r e  provided i n s i g h t s  i n t o  b e t t e r  des igns  (Norman 
S t e u e r  A s s o c i a t e s ,  1963). 

I n  t h e  f o u r t h  and l a s t  Camp Parks  test ,  a mix of men, women, 
and c h i l d r e n  occupied t h e  s h e l t e r  (S t rope ,  E t t e r ,  Schu l t ze ,  and 
Pond, 1962). These 99 occupants  were approximately 50% male and 
50% female,  w i th  each of t h e s e  groups f u r t h e r  subdiv ided  i n t o  50% 
a d u l t  and  50% c h i l d r e n .  The l a r g e s t  fami ly  u n i t  w a s  seven 
persons.  Ages ranged from 3 months t o  68 years .  They occupied 
t h e  s h e l t e r  f o r  48 hours  i n  November 1960. The s h o r t  d u r a t i o n  of 
t h i s  tes t  w a s  determined from t h e  obse rva t ion  t h a t ,  i n  ea r l i e r  
t e s t s ,  most  s h e l t e r  problems developed w i t h i n  48 t o  72 hours  
a f t e r  t h e  s h e l t e r  w a s  occupied. Outdoor t e m p e r a t u r e s  r a n g e d  
between 40 and 630F, wh i l e  t h e  e f f e c t i v e  tempera ture  i n s i d e  t h e  
s h e l t e r  v a r i e d  from 66 t o  760F. Average d a i l y  water consumption 
w a s  2.5 q u a r t s  p e r  occupant.  Problems wi th  t h e  bunk des ign  were 
encountered,  and a new des ign  was developed. 

The conclus ions  drawn from t h e  USNRDL Camp Parks experiments  
w e r e  t ha t  the c a p a c i t y  of t h e  s h e l t e r  could be i n c r e a s e d  by up t o  
100% without  imposing s e r i o u s  ha rdsh ips  f o r  t h e  s h e l t e r  occupants .  
With 200 occupants  i n s i d e  such a s h e l t e r ,  t h e  f l o o r  space p e r  
occupant would become 6 f t 2 .  R e s t r i c t e d  use  of water w a s  t h e  
number one complaint i n  t h e s e  tests; l a c k  of space  (crowding) and 
e x c e s s i v e  n o i s e  were t h e  next  two areas of d i scomfor t .  

During 1962, t h e  Navy conducted both  w i n t e r  t r i a l s  (Ramskil l  
e t  a l . ,  1962) and summer t r ia ls  (Bogardus, 1968) in t h e  Bethesda, 
Maryland, s h e l t e r .  Each occupancy test l a s t e d  f o r  two weeks and 
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involved  100 male Navy v o l u n t e e r s  who had been psycho log ica l ly  
and p h y s i c a l l y  screened  € o r  t h e s e  tests. Only 50 bunks were 
provided  f o r  t h e  100 men; s l e e p i n g  w a s  accomplished i n  s h i f t s .  

The Navy w i n t e r  t r i a l s  were conduc ted  i n  F e b r u a r y  1962.  
Desp i t e  t h e  f a c t  t h a t  outdoor  tempera tures  were i n  t h e  range of 1 2  
t o  55OF and  t h a t  t h e  s h e l t e r  had no artiElcia1 h e a t i n g ,  t h e  
t empera tu re  i n s i d e  t h e  shelter w a s  maintained a t  70 t o  80°F by 
a d j u s t i n g  t h e  f low r a t e  of t h e  blower. The blower used i n  t h i s  
test had a c a p a c i t y  of 600 c u b i c  f e e t  p e r  minute. The average  
d a i l y  water consumption of each  s h e l t e r  occupant w a s  s l i g h t l y  less 
t h a n  2 q u a r t s  p e r  day. No major problems developed du r ing  t h i s  
test. 

F o r  t h e  Navy summer t r i a l s  i n  Augus t  1962 ,  t h e  blower 
c a p a c i t y  w a s  i n c r e a s e d  t o  1200 c u b i c  f e e t  p e r  m i n u t e  due  t o  
a n t i c i p a t e d  problems w i t h  coo l ing  t h e  s h e l t e r .  This  s t i l l  d i d  no t  
a l l e v i a t e  t h e  problems a s s o c i a t e d  w i t h  an 85OF e f f e c t i v e  tempera- 
t u r e  du r ing  t h e  f i r s t  week and 80°F dur ing  t h e  second week. The 
average  d a i l y  water consumption of t h e  s h e l t e r  occupants  w a s  3 
q u a r t s  p e r  day. The i n v e s t i g a t o r s  concluded t h a t  i t  w a s  h igh ly  
improbable t h a t  t h e  s h e l t e r  occupants  could have su rv ived  a second 
week wi th  an  85OF e f f e c t i v e  tempera ture ;  t h e  men's bodies  were 
c o n s t a n t l y  w e t  from p e r s p i r a t i o n .  This  cons t an t  w e t n e s s  a l s o  
a p p l i e d  t o  t h e  men's bunks which never  d r i e d  ou t  du r ing  t h e  
d u r a t i o n  of t h e  tes t .  The rough canvas of t h e  wet bunks aggra-  
va t ed  t h e  h e a t  r a s h  and o t h e r  medical  problems developed by t h e  
occupants .  One s h e l t e r  occupant f a i l e d  t o  complete t h e  t es t  due 
t o  h e a t - r e l a t e d  problems; t h e  a t t e n d a n t  medical  o f f i c e r  handled 
similar problems f o r  f i v e  o t h e r  occupants .  

The las t  of t h e  Navy occupancy tests occurred  i n  May 1963 
(Ross, Trumbull ,  and W i l l i a m s ,  1965). The unique c h a r a c t e r  of 
t h i s  t es t  was t h a t  i t  w a s  conducted as an  impromptu exercise; 
p rev ious  occupancy experiments  had used vo lun tee r s  who had been 
c a r e f u l l y  screened  be fo re  each test .  The 1963 Navy tes t  inc luded  
Navy o f f i c e r s  who were involved  i n  con t inu ing  educa t ion  seminars  
a t  t h e  Naval Medical Center .  Thi r ty- four  men were taken  on a 
t o u r  of t h e  same s h e l t e r  used i n  t h e  1962 Navy summer and w i n t e r  
t r ia ls  (desc r ibed  above).  A t  t h a t  t i m e ,  i t  was announced t h a t  
t h e s e  men were t o  be v o l u n t a r i l y  conf ined  f o r  an unknown d u r a t i o n  
under  s imula t ed  emergency c o n d i t i o n s  as p a r t  of a s h e l t e r  occu- 
pancy experiment .  The men were g iven  t h e  chance t o  r e f u s e  t o  
p a r t i c i p a t e ;  however ,  a l l  34 r e m a i n e d  i n  t h e  s h e l t e r .  The 
s i m u l a t i o n  l a s t e d  f o u r  and  one -ha l f  d a y s .  The o u t d o o r  a i r  
tempera ture  remained between 5 and 10°F, but  t h e  s h e l t e r  tempera- 
t u r e  w a s  60 t o  70°F; many of t h e  s h e l t e r  occupants  complained of 
d i scomfor t  from t h e  cold.  The c o n c r e t e  f l o o r  of t h e  s h e l t e r  
remained  very damp f o r  t h e  d u r a t i o n  of t h e i r  s t a y .  No major 
problems developed du r ing  t h i s  s h o r t  t e s t .  
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The Navy tests i d e n t i f i e d  s e v e r a l  areas of s h e l t e r  l i v i n g  
which r e q u i r e d  minor  a d j u s t m e n t  on the  p a r t  of t h e  s h e l t e r  
o c c u p a n t s .  P s y c h o l o g i c a l l y ,  t h e  most  d i scomfor t  du r ing  t h e  
occupancy tests w a s  caused by l a c k  of water f o r  washing (hygiene) ,  
t e m p e r a t u r e  and humidi ty ,  l ack  of pr ivacy  (crowding),  and noise .  

A l l  of t h e  above  t e s t s  were c o n d u c t e d  i n s i d e  e x i s t i n g  
s h e l t e r s ,  many of which had modern plumbing connec t ions ,  e lec t r ic  
power, and o p e r a t i n g  t o i l e t s .  The only  ex t remely  a u s t e r e  occu- 
pancy tests of s h e l t e r s  were conducted by t h e  Oak Ridge Na t iona l  
Laboratory (Kearny, 1976, 1979) as p a r t  of t h e  exped ien t  s h e l t e r  
s tudy .  Fami l ies  were g iven  i n s t r u c t i o n s  on how t o  b u i l d  and equip  
an expedient  s h e l t e r  (See S e c t i o n  7.3)’; they  were pa id  f o r  t h e i r  
l a b o r ,  and i n  a d d i t i o n ,  they  r ece ived  a bonus payment i f  they  
a c t u a l l y  s p e n t  t h e  n i g h t  i n s i d e  t h e i r  s h e l t e r .  The l o n g e s t  pe r iod  
of occupancy was recorded f o r  a fami ly  of s i x  who cons t ruc t ed  a 
3.5-ft-wide by 4.5-ft-high by 16.5-ft-long, log-covered t r e n c h  
s h e l t e r  and then  occupied i t  cont inuous ly  f o r  77 hours  (a four-  
n igh t  s t a y ) .  Although t h e  fami ly  had only a l i m i t e d  food and 
water s u p p l y ,  a chemica l  t o i l e t ,  and no e lec t r ic  power, they 
exper ienced  no occupancy problems. 

5.2.2 Psychological Aspects of Habitability 

The two most s i g n i f i c a n t  and  e x t e n s i v e  s t u d i e s  on t h e  
p s y c h o l o g i c a l  a spec t s  of s h e l t e r  occupancy were conducted by 
C o l l i n s  and Bend (1966, 1968) and by t h e  Un ive r s i ty  of Georgia 
(Hammes, 1963a, 1963b, 1964, 1965; Hammes and Ahearn, 1966, 1967; 
Hammes,  Ahearn, and Foughner, 1968). C o l l i n s  and Bend conducted a 
m a i l  survey of people  who had p a r t i c i p a t e d  i n  s h e l t e r  occupancy 
e x e r c i s e s  as p a r t  of a s h e l t e r  management t r a i n i n g  cour se  which 
they  took through t h e  C f v i l  Defense Un ive r s i ty  Extens ion  Program. 
This  program i n v o l v e d  50  d i f f e r e n t  c o l l e g e s  t h r o u g h o u t  t h e  
count ry ;  60 i n s t r u c t o r s  and 1320 s t u d e n t s  responded t o  t h e  survey. 
The s i z e  of each group of s h e l t e r  occupants  ranged from 16 t o  30 
people ;  t h e i r  ages  ranged from 20 t o  50. Only a few of t h e s e  
occupancy experiments  l a s t e d  f o r  more than  one day; however, more 
t h a n  one- th i rd  were ove rn igh t  s t a y s .  Almost a l l  of t h e  tests were 
conducted i n  Fede ra l ly  marked f a l l o u t  s h e l t e r s .  Among o t h e r  
f i n d i n g s ,  t h e  survey  responses  i n d i c a t e d  t h a t  f i v e  major f a c t o r s  
a f f e c t e d  s h e l t e r  l i v i n g  t h e  most: t h e  i n a b i l i t y  t o  s l e e p ,  t h e  l a c k  
of  p r i v a c y ,  t h e  l a c k  of p h y s i c a l  a c t i v i t y  o r  e x e r c i s e ,  t h e  
tempera ture  and humidi ty  i n s i d e  the s h e l t e r ,  and t h e  u n a v a i l a b i l -  
i t y  of s e a t i n g  space  (overcrowding).  

The Un ive r s i ty  of Georgia s t u d i e s  are s i g n i f i c a n t ,  no t  on ly  
f o r  t h e  l a r g e  number of t o t a l  p a r t i c i p a n t s ,  but  a l s o  f o r  an  
o r c h e s t r a t e d  e f f o r t  t o  d u p l i c a t e  t h e  U.S. c e n s u s  p o p u l a t i o n  
s ta t i s t ics  (sex, race, age,  e t c . )  among t h e  s h e l t e r  occupants .  
Twelve community s h e l t e r  occupancy e x p e r i m e n t s  were c o n d u c t e d  
be tween  1962 and  1967. H a m m e s ,  Ahearn, and Foughner (1968) 
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summarize t h e  f i n d i n g s .  The s i z e  of t h e  s h e l t e r  groups ranged 
from 30 t o  ove r  10; t h e  ages  were from 6 months t o  79 yea r s .  The 
l o n g e s t  tests l a s t e d  two weeks; t h e  s h o r t e s t  were weekend s t a y s .  
Both w i n t e r  and summer tes ts  were inc luded .  I n  two of t h e  t e s t s  
t h e  a v a i l a b l e  s h e l t e r  f l o o r  space was 6 f t 2  p e r  person;  t h e  

2 f l o o r  space  never  exceeded 10 f t  p e r  person. 

Over 3500 people  p a r t i c i p a t e d  i n  t h e  twelve U n i v e r s i t y  of 
G e o r g i a  t es t s .  T h e s e  p e o p l e  were p a i d  v o l u n t e e r s ,  but  one 
remarkable  f i n d i n g  of t h e  exper iments  w a s  t h e  r a t h e r  l a r g e  number 
of p a r t i c i p a n t s  who e l e c t e d  n o t  t o  s t a y  i n  t h e  s h e l t e r  f o r  t h e  
d u r a t i o n  of t h e  tes t .  About 10% (344 pe r sons )  of t h e  3510 t o t a l  
s h e l t e r  occupants  d i d  no t  complete t h e  tests; t h e  i n v e s t i g a t o r s  
c a l l e d  t h e s e  people  "de fec to r s . "  Unbearable h o t  humid c o n d i t i o n s  
i n s i d e  t h e  s h e l t e r  provided t h e  mot iva t ion  f o r  s e v e r a l  of t h e s e  
d e f e c t o r s ,  p a r t i c u l a r l y  f o r  t h e  20% (62 peop le )  who l e f t  a June 
1965 tes t  which involved  some 300 occupants .  The h i g h e s t  defec-  
t i o n  ra te ,  40% occur red  i n  a J u l y  1963 t e s t  i n v o l v i n g  t h i r t y ,  
p r e t e e n  schoo l  ch i ld ren .  S h e l t e r e e s  who d i d  endure t h e  conf ine-  
ment pe r iod  l i s t e d  l a c k  of water f o r  washing (hygiene)  as t h e  
pr imary d iscomfor t .  Other  major compla in ts  were d i f f i c u l t y  wi th  
s l e e p i n g ,  tempera ture ,  i nadequa te  s a n i t a t i o n  f a c i l i t i e s  ( t o i l e t s ) ,  
and l a c k  of space.  Tolerance  f o r  cont inued  confinement ranged,  i n  
terms of median d a t a ,  from two t o  seven  days. 

5.2.3 Ventilation Tests 

One of t h e  obvious conc lus ions  from t h e  above set  of s h e l t e r  
occupancy exper iments  i s  t h e  i n t o l e r a n c e  of s h e l t e r e e s  t o  h o t ,  
humid cond i t ions .  For  s h e l t e r s  c o n t a i n i n g  more t h a n  a few people ,  
t h e  h e a t  and moi s tu re  g iven  o f f  by e a c h  o c c u p a n t  becomes a n  
impor tan t  c o n s i d e r a t i o n  wi th  r e s p e c t  t o  keeping  t h o s e  occupants  
cool .  I n  w a r m  weather  t h e  tempera ture  and humidi ty  i n  t h e  s h e l t e r  
can r each  l e v e l s  caus ing  h e a t  p r o s t r a t i o n  and even death.  In 
r e c o g n i t i o n  of t h i s  f a c t ,  a g r e a t  d e a l  of  r e s e a r c h  h a s  b e e n  
c o n d u c t e d  t o  d e t e r m i n e  t h e  v e n t i l a t i o n  requi rements  i n  both 
aboveground and belowground s h e l t e r s  (Baschiere  and Lokmanhekim, 
1964; Baschiere ,  Lokmanhekim, and Moy, 1964; Behls ,  L ibovicz ,  and 
Engholm, A p r i l  1964, September 1964; B e h l s  and  Madson, 1965 ;  
F l a n i g a n ,  Morr ison,  and Bass, 1966; Goldsmith,  1965; Libovicz , 
Madson, Behls ,  and Engholm, 1964; L i b o v i c z ,  Van Schoyck ,  and  
Engholm, 1963;  Madson, B a s c h i e r e ,  B e h l s  , and Engholm, 1964; 
Madson, Behls ,  and Engholm, 1964; Madson, Libovicz ,  Behls ,  and 
Engholm, 1964). Most of t h e s e  tests involved  t h e  u s e  of s imula t ed  
s h e l t e r  occupants ;  t h e s e  were mannequins which produced h e a t  and 
humidi ty  resembling t h a t  of a human being. 

S t u d i e s  were c o n d u c t e d  on l a r g e ,  aboveground  b u i l d i n g s  
s u i t a b l e  f o r  f a l l o u t  s h e l t e r  by Guy B. Panero,  Inc.  (1965) i n  t h e  
New York C i t y  area and by Henniger and Madson (1966) and Poruk, 
Libovicz ,  and Engholm (1963) i n  t h e  Chicago area. The i n v e s t i g a -  
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t o r s  found t h a t  when c r o s s - v e n t i l a t i o n  was a v a i l a b l e  through open 
windows, n a t u r a l  a i r  c i r c u l a t i o n  w a s  adequate  t o  main ta in  h a b i t -  
a b l e  c o n d i t i o n s  most of t h e  t i m e  i n  e i t h e r  summer o r  w in te r .  I n  
very  l a r g e  s h e l t e r s ,  very l i t t l e  h e a t  w a s  l o s t  by r a d i a t i o n  o r  
c o n d u c t i o n  t o  t h e  wa l l s  of t h e  s h e l t e r ;  t h e  a i r  v e n t i l a t i o n  
provided t h e  only mechanism f o r  c o o l i n g  (Combe, N e l s o n ,  and 
Tomcala, 1966). 

R e s u l t s  of t h e  o t h e r  s t u d i e s  i n d i c a t e d  t h a t  belowgrade 
s h e l t e r s  o r  s h e l t e r s  i n  t h e  i n t e r i o r s  of b u i l d i n g s  wi thout  access 
t o  windows r equ i r ed  fo rced  v e n t i l a t i o n  a t  rates which depended 
upon t h e  outdoor  tempera ture  and humidi ty;  t h e  h i g h e r  t h e  outdoor  
e f f e c t i v e  t e m p e r a t u r e  ( s e e  S e c t i o n  5.2.1 f o r  a d e f i n i t i o n  of 
e f f e c t i v e  tempera ture) ,  t h e  more v e n t i l a t i o n  w a s  requi red .  I n  
w a r m  weather ,  more than  3 c u b i c  fee t  of a i r  pe r  minute must be 
supp l i ed  f o r  each person s h e l t e r e d ,  and i n  v e r y  h o t  w e a t h e r ,  
s u b s t a n t i a l l y  more than  3 cub ic  feet pe r  minute must be provided 
f o r  each person. 

Baschiere  and Lokmanhekim (1964) c a l c u l a t e d  t h e  summertime, 
fo rced  v e n t i l a t i o n  r e q u i r e m e n t s  f o r  d i f f e r e n t  p a r t s  of  t h e  
country.  T h e i r  computations were based on meteoro logica l  d a t a  and 
t h e  d e s i r e  t o  l i m i t  t h e  e f f e c t i v e  tempera ture  i n s i d e  t h e  s h e l t e r  
t o  8 2 O  (an  e f f e c t i v e  tempera ture  of 85OF had been shown t o  be t h e  
t h r e s h o l d  of i n t o l e r a n c e  from previous  s h e l t e r  occupancy t e s t s ,  
see S e c t i o n  5.2.1). The Defense C i v i l  Preparedness  Agency (May 
1978), us ing  modern meteoro logica l  d a t a ,  has  r e c a l c u l a t e d  t h e s e  
v e n t i l a t i o n  rates f o r  u se  i n  s h e l t e r  design.  F igu re  5.1 i s  t h e  
r e s u l t .  It should be noted t h a t  very h igh  v e n t i l a t i o n  r a t e s  are  
r e q u i r e d  i n  t h e  h o t ,  humid r eg ions  of t h e  United S t a t e s ,  such as 
a long  t h e  Texas Gulf coas t .  
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Table 7.1. Fallout protection factor distribution of U.S. National 
Fallout Shelter Space (NFSS) inventory (as of June 30, 1985)a 

Class Protection factor Number of spaces 

0 10-19 81,108,351 
1 20-30 69,338,266 

2+3 40-99 136,514,694 
4 > 100 109,274,300 

2+3+4 > 40 245,788,994 

a Personal communication, Ms. Marion Rothenbuhler, Shelter 
Data Branch, Federal Emergency Management Agency, Olney, MD, 
November 25, 1985. 

Table 7.2. Basement overhead (1st) floor system categories 

Percent of Mean lethal 
Type of floor system total U.S. overpressure,b 

spaces ,a Psi 
% 

Concrete slab - steel beam 22.1 12 

Flat slab 4.9 8 

Flat plate 5.7 7 

Concrete slab - concrete beam 16.9 

Concrete joist - concrete beam 0.8 7 

Concrete joist - steel beam 2.1 10 

Other - 
Concrete slab - concrete joist 
Concrete slab - steel joist 
Concrete slab - steel/concrete beam 
Hollor concrete slab 20.3 7.5 

- 
Total Sample 72.8 

a Estimate based on 219 buildings sampled (Tolman, Lyday, 
and Hill, 1973). These numbers must be multiplied by 35.6% to 
get percentages of t h i s  type of construction located in basements. 
O f  all spaces, 9.4% are located in basements and subbasements 
with no exterior wall exposed. (Longinow, 1979) 

Defined as that blast overpressure which will statistically 
produce fatalities in 50% of those exposed to the blast wave. 
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Fig. 7.3. Methods for shoring a trench shelter. 





i. 
Fig. 7 .4b .  Pole-covered trench shelter. 
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Fig .  7.12. Dual-use basement community c e n t e r  b l a s t  s h e l t e r .  

142 



Y 

e, m 
R 

v, 
3 
n, 
P 
r r  
ID 
? 

r 0 

m a 

m < 
m 

'0 

> z 

€ 

r 

r 

r 

r 
m < 
m r 

U 

D 
r /j z 

D 
t 

. . . . . . . .  -*.. .I_ , .  . . .  . . .  

&- .:i- 11 . . . . . .  . . .  

, .  . . . . . . .  - . + ~A-.. . . . . . .  



ORNL-DWG 86-11135 

S E C T I O N  A - A  

S E C T I O N  B-B 

9 9 1 

S E C T I O N  C - C  

S E C T I O N  D - D  .C.L. 

Fig. 7.13b. Dual-use parking garage/blast shelter. 
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1 Yr.-$18. 110 S .  Greeley S t . ,  S t i l l w a t e r ,  MN 55082 
Used by Permission. 

Fig. 7.16. Locations of earth-sheltered buildings in the 
United States. 



(SOURCE: U.S. Army Corps o f  Engineers, Huntsville Division.) 

Fig. 7 . 3 1 .  Belowground, reinforced concrete blast shelter 
for key workers. 
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